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CARNEGIE -MELLON  UNIVERSITY 


Effect  of  Microstructure  on  the  Stress -Corrosion 
Susceptibility  of  an  AI-Zn-Mq  Alloy 

Anthony  J.  DeArdo/Jr. 

Abstract 

The  effect  of  microstructure  on  the  susceptibility  of  a  high  purity 
Al-6.8%  Zn  -  2.3%  Mg  alloy  to  stress-coirosion  cracking  in  an  aqueous 
salt  solution  (3.5  wt  %  NaCl)  has  been  studied.  The  results  of  testing 
a  series  of  specimens  having  controlled  microstructures  and  the  same 
yield  strength  of  40,000  psi  indicate  that  the  susceptibility  to  stress- 
corrosion  is  controlled  by  the  type,  size  and  spacing  of  the  matrix  pre¬ 
cipitate  through  the  effect  on  these  precipitates  on  the  deformation  pro¬ 
cess.  Although  the  width  of  the  precipitate  free  zone  appears  to  have  no 
effect  on  susceptibility,  the  grain  boundary  precipitate  seems  to  influence 
susceptibility  in  certain  cases.  Supporting  evidence  for  these  observa¬ 
tions  has  been  obtained  by  light  and  electron  microscopic  examinations 
cf  deformed  specimens  and  by  fractographic  studies.  A  model  is  proposed 
which  explains  many  experimental  observations. 
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Introduction 


Alloys  of  the  Al-Zn-Mg  type  possess  high  yield  and  tensile  strengths, 
however,  the  full  strength  potential  of  these  alloys  has  not  yet  been  real¬ 
ized  because  they  suffer  from  a  very  high  degree  of  stress -corrosion  suscep¬ 
tibility.  It  is  unfortunate,  but  true,  that  the  maximum  degree  of  susceptibil¬ 
ity  occurs  in  those  microstructu'es  which  exhibit  the  highest  yield  strengths. 
With  these  facts  in  mind,  it  is  understandable  that  the  stress -corrosion  pro¬ 
blem  has  received  much  attention  especially  in  the  last  few  decades  when 
technology  has  demanded  materials  with  increasingly  higher  tensile  proper¬ 
ties  . 

Stress -corrosion  in  Al-Zn-Mg  alloys  is  a  rather  peculiar  phenomenon 
in  that  it  is  a  cracking  process  which  requires  a  susceptible  alloy,  a  certain 
type  of  microstructure,  a  tensile  stress  and  exposure  to  particular 
types  of  environment.  Despite  intensive  research  over  the  last  few  decades, 
the  mechanism  of  stress -corrosion  cracking  in  Al-Zn-Mg  alloys  remains  ob¬ 
scure.  In  particular,  the  role  of  microstructure  in  controlling  this  phenomenon 
has  been  the  subject  of  wide  controversy.  Because  failure  both  in  air  and  in 
aqueous  environments  generally  proceeas  along  an  intergranular  path,  many 
investigators  have  focussed  their  attention  on  the  precipitate  distribution  in 
the  region  of  the  grain  boundaries.  This  region  displays  three  prominent  fea¬ 
tures:  (1)  the  equilibrium  precipitates  lying  along  the  grain  boundary,  (2)  a 
precipitate  free  zone  (P.F.Z.)  and  (3)  precipitates  in  the  grain  interior.  All 


three  features  can  show  considerable  variations  depending  on  the  heat  treat 
ment  to  which  the  alio'  s  subjected.  By  careful  selection  of  the  heat  treat¬ 
ment,  each  of  these  features  may  be  independently  controlled  to  a  greater  or 
lesser  extent.  However,  it  is  extremely  difficult  except  under  severely  limited 
conditions  to  produce  a  given  variation  in  one  feature  without  a  concomitant 

i 

change  in  the  other  two.  This  fact  has  not  always  been  realized  and  is  in  part 
responsible  for  the  lack  of  agreement  on  the  role  of  microstructure  during  stress - 
corrosion  cracking . 

(1-4) 

Several  authors  have  postulated  that  the  presence  of  P.F.Z.'s  has 
a  deleterious  effect  on  the  stress -corrosion  resistance  of  these  alloys.  The 
main  contention  of  these  investigators  is  that  the  P.F.Z.'s  act  as  mechanically 
weak  paths  through  the  material  in  which  deformation  processes  such  as  slip 
are  most  likely  to  occur  and  that  the  preferential  nature  of  this  deformation 
ultimately  leads  to  crack  initiation.  Thomas  and  Nutting ^  while  subscribing 
to  this  general  view  have  further  suggested  that  maximum  susceptibility  will 
result  when  the  equilibrium  precipitates  along  the  grain  boundary  are  continuous 
thus  preventing  slip  from  one  grain  to  another  and  concentrating  the  slip  with¬ 
in  the  P.F.Z. 

(5  6) 

In  contrast,  other  authors'  *  '  consider  that  the  presence  of  a  P.F.Z.  has 
no  effect  on  the  stress -corrosion  resistance,  but  that,  in  fact,  this  phenomenon 
is  controlled  by  deformation  processes  occurring  within  the  grain  interior  which 
in  turn  is  controlled  by  the  type,  size  and  distribution  of  precipitates  within 


the  matrix 


The  purposes  of  the  present  Investigation  were  to  Identify  which  of  the 
micros tructural  features  control  susceptibility  and  to  determine  how  this  con¬ 
trol  was  effected.  To  achieve  these  goals  ,  a  study  was  conducted  to  deter¬ 
mine  the  stress -corrosion  properties  of  an  Al-Zn-Mg  alloy  in  which  both  the 
P.F.Z.  width  and  the  matrix  precipitate  present  in  the  microstructure  were 
varied  under  controlled  conditions . 


4. 


Literature  Review 

2 . 1  Physical  Metallurgy  of  Al-Zn-Mq  Alloys 
2.1.1  Precipitates 

It  has  been  well  established  that  there  can  be  two  equilibrium  preclpl  • 
tates  in  the  Al-Zn-Mg  system  depending  upon  the  composition  of  the  solid  solu- 

(7) 

tlon  and  the  temperature  of  decomposition 

If  the  alloy  is  fairly  concentrated  and  the  temperature  of  decomposition 
is  high  (above  190®C)  the  T  phase  (AlZn)^^  Mg,^  will  be  in  equilibrium  with 
the  solid  solution^  ^ .  This  phase  has  a  cubic  structure  with  a  =  14.16^'*^ 
and  an  orientation  relationship  with  the  matrix  of: 

(ioo)T||  (H2)a1,  (ooi)T|j  (iio)A1(8#12). 

The  more  commonly  observed  equilibrium  precipitate  observed  in  this 
system  is  MgZn^  which  is  referred  to  as  1).  This  phase  is  in  equilibrium  with 
the  solid  solution  in  dilute  alloys  when  the  aging  temperature  is  relatively  low. 
The  I)  phase  is  believed  to  be  hexagonal  in  structure.  There  is  some  slight 
disagreement  regarding  the  lattice  parameters  of  'ty.  The  following  parameters 
have  been  previously  reported:  a  =  5.15$,  c  =  8.48$^^;  a  =  5.21$,  c  =  8.G0$^14^ 
a  -  5.23$,  c  -  8.57$(15)  and  a  =  5.17$,  c  =  fc.50$(16)  .  Reported  orientation 


relationships  of  the  7) 

phase  with  the  matrix  are: 

Orientation  A 

(10.0)^  II  (100)^, 

(00. 1)^  II  (on)A1(12) 

Orientation  B 

(10.0)^  II  <110)A1, 

(OO*!)^  II  (lil)AlU2) 

Orientation  C 

(10. 0)^  II  (121)A1, 

(00*1>T1  H  '"V121 

Orientation  D 

(10'0>T)  H  (ir°>Al' 

(00. 1)^  II  (U0)A1(8> 

T 


5 


(17) 

Thacker/'  has  recently  found  other  orientation  relationships  between 
T)  and  the  matrix.  They  are  listed  below: 


Orientation  1 

(12.0).  || 

<lI‘W 

(00.1) 

II 

(110»A1 

Orientation  2 

(12.0)^  || 

(30.2)^ 

II 

<no>w 

Orientation  3 

(12.0)^  || 

(iri»Al' 

(20.1)„ 

*» 

II 

<m>Ai 

Orientation  4 

(12. ^  II 

<m)A1. 

(10.4)^ 

II 

<il0>Al 

Orientation  5 

(00. 1)^  || 

do.o)^ 

II 

<m>Ai 

Orientation  6 

(10.0)^  II 

(10V 

(00.1)^ 

H 

;ou>ai  • 

Precipitates  of  the  first  four  orientations  were  reportedly  lath  shaped 
lying  on  the  {111}^  with  their  longitudinal  axes  lying  within  25°  of  <110>^. 
Precipitates  of  orientation  5  were  either  hexagonal  or  rounded  platelets,  lying 
on  {m}A1  with  the  basal  plane  of  the  11  parallel  to  {111}^.  Precipitates  of 
orientation  6  formed  as  elongated  eight-sided  platelets  on  flOOj^j -  No  evi¬ 
dence  of  the  previously  reported  orientations  C  and  D  was  found. 

Another  result  of  Thackery’s  work  was  the  confirmation  of  the  existence 

(18) 

of  a  recently  reported  phase'  '  which  has  been  labeled  X  phase.  This  phase 

appeared  to  have  a  hexagonal  structure  with  a  =  2.67$  and  c  =  4.90$. 

(19) 

Cornish  and  Day  have  also  recently  reported  finding  X  phase. 

There  are  two  metastabls  phases  in  this  system.  The  first,  V,  forms 
during  aging  at  intermediate  and  low  temperatures.  This  phase  is  also  hexa¬ 
gonal  with  lattice  parameters  a  =  4.96$  and  c  =  8.68$^'^ .  Thomas  and 

Nutting^  have  shown  that  this  phase  nucleates  on  {lll}^  and  this  result  is 

(12  13  21) 

in  accord  with  previous  X-ray  results  of  other  workers  '  '  .  There  is 


6. 


(l  8  22) 

evidence  that  thin  plates  of  T]'  are  coherent  with  the  matrix'  '  '  'in  the 
{111}^.  Thackery  could  not  confirm  the  existence  of  T|'  from  the  results  of 
his  work.  Guinier-Preston  (G.P.)  zones  represent  the  other  transition  phase 


in  this  system.  Transmission  microscopy  and  X-ray  studies  have  shown  that 
^  „  _ .  ..  .  . _ .  .u _ / 12 ,23-25) 


the  G.P.  zones  are  spherical,  ordered  and  coherent  with  the  matrix 


There  is  some  controversy  over  the  habit  plane  of  the  G.P.  zones.  Graf  and 


(21)  . 


others'  '  show  that  the  {100}^  seems  to  be  the  habit  plane  while  Mondolfo 
et  al.^)  present  evidence  that  it  might  be  the  {111}^.  Graf^^  has  noted  that 
the  size  of  the  zones  appeared  to  depend  on  the  Mg  content  of  the  alloy. 

2.1.2  Microstructures 

The  Al-Zn-Mg  system  can  exhibit  many  different  microstructures  depend¬ 
ing  on  the  alloy  composition  and  the  heat  treatment  employed.  This  review  will 
pertain  to  ternary  compositions  in  the  range  of  4  to  8  w/o  Zn  and  less  than  4  w/o 


It  has  become  evident  recently  '  from  a  study  of  directly  quenched 
specimens  that  there  is  a  change  in  the  mechanism  of  precipitate  nucleation 
below  a  certain  temperature.  This  has  been  labeled  the  G.P.  zone  sclvus  tem¬ 
perature,  T„  /  and  denotes  the  upper  temperature  limit  of  this  metastable 

vJ  •  x  • 

phase.  Specimens  quenched  and  aged  above  n  showed  microstructures 

o  •  r  • 

typical  of  heterogeneous  nucleation  while  specimens  quenched  to  and  aged  be¬ 


low  Tr  p  showed  nicrostructures  typical  ox  homogeneous  nucleation.  Lorimer 
(2  6) 

and  Nicholson'  '  have  noted  that  there  was  a  refinement  of  the  precipitate 


7 


distribution  of  the  order  of  10  when  lowering  the  quenching  and  aging  tempera¬ 
ture  10°C.  (This  temperature  decrement  traversed  T-  _  ) 

G.r . 

It  is  possible  to  characterize,  in  principle,  the  microstructures  observed 
in  Al-Zn-Mg  on  the  basis  of  the  type  cf  heat  treatment  employed: 

Type  I:  Microstructures  generated  by  quenching  to  a  temperature 
above  T_  _  and  aging  at  that  temperature . 

Ij  .r  . 

Type  II:  Microstructures  generated  by  quenching  to  a  temperature 

below  T^  n  and  aging  at  that  temperature. 

O  .  r  • 

Type  III:  Microstructures  generated  by  quenching  to  a  temperature 
below  but  aging  above  T^  _  . 

(j.r. 

Type  I  Microstructure 

The  first  type  of  microstructure  (Type  I)  has  not  been  extensively  studied 

since  it  is  not  of  practical  value.  It  is  clear  that  the  nucleation  of  precipitates 

in  this  type  of  microstructure  is  heterogeneous  in  nature.  At  very  high  aging 

temperatures,  T  or  T|,  depending  on  the  composition,  are  precipitated  at  grain 

1 2  c) 

boundaries  and  dislocations'  .  At  lower  temperatures,  (T  >  T  >  T  .  _  ,  where 

i\  G.P. 

T^  is  the  T|  solvus  temperature)  lath  type  precipitates  typical  of  1)  or  *!)'  are 

(26) 

found  .  It  is  not  clear  whether  these  precipitates  are  T)'  or  t)  (possibly  form¬ 
ing  from  T|#) . 

There  is  evidence  supporting  a  sequence  of  precipitates  (a  -*  a' 

supersat.  sat 

(9  2 1) 

+  T'  -  otg  +T)  during  high  temperature  aging'  #  '  but  these  observations  were 

made  on  microstructures  of  type  III  and  so  the  question  of  whether  a  sequence 
of  precipitates  would  obtain  in  the  absence  of  G.P.  zones  remains  unanswered. 


Type  I  microstructures  can  be  summarized  as  containing  few  large ,  inco¬ 
herent  and  widely  spaced  precipitates  which  have  been  nucleated  in  a  hetero¬ 
geneous  manner. 

Type  II  Microstructure 

The  second  type  of  microstructure  has  received  much  attention  because  it 
is  this  microstructure  which  achieves  the  high  strength  characteristic  of  Al-Zn- 
Mg  alloys.  As  the  time  of  aging  below  T_  _  increases,  a  series  of  precipitates 

vj  •  r  • 

appears: 


a  -*  a*  +G.P.  zones  (spherical,  ordered)  -* 

supersat.  sat 

The  formation  of  G.P.  zones  has  been  studied  extensively  in  A1  alloys. 
This  research  has  been  stimulated  by  both  academic  and  practical  (viz.  mechan¬ 
ical  property)  considerations . 

In  contrast  to  the  large  amount  of  work  done  on  the  formation  of  G.P. 

zones  in  binary  A1  alloys,  viz.  Al-Zn,  Al-Ag  and  Al-Cu,  relatively  little  work 

has  been  done  in  Al-Zn-Mg.  This  is  probably  due  to  the  problems  involved  in 

analyzing  the  diffusion  in  the  ternary  alloy.  Panseri  and  Federighi  have  inves- 

(27) 

tigated  the  kinetics  of  G.P.  zone  formation  in  Al-10%  Zn  and  Al-10%  Zn  - 
(28) 

0.1%  Mg'  '  alloys,  bince  the  two  alloys  exhibited  qualitatively  similar  kinetic 

behavior,  much  of  the  fundamental  work  done  on  the  binary  alloys  would  appear 

(27) 

to  apply  to  Al-Zn-Mg.  Previous  work  performed  on  the  binary  alloys  Al-Zn  , 
(29  30)  (31  32) 

Al-Ag  '  and  Al-Cu  ’  has  shown  that  in  each  case  the  low  temperature  , 
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isothermal  decomposition  of  the  solid  solution  Is  accompanied  by  the  formation 

of  clusters.  These  clusters  or  G.P.  zones  are  very  small  and  are  the  cause  of 

the  unexpected  increase  in  resistivity  which  has  been  noted  during  the  initial 
(33) 

stages  of  aging  .  The  G.P.  zones  initially  form  and  grow  at  very  high  rates 

and  the  shape  of  the  transformation  curves  indicates  that  there  is  no  activation 

(33) 

barrier  to  the  formation  of  these  zones 

There  is  much  experimental  evidence  indicating  the  very  important  effect 

(31) 

of  vacancy  concentration  on  the  kinetics  of  clustering.  De  Sorbo  et  al.  have 

shown  that  specimens  of  Al-Cu  which  had  been  quenched  directly  to  and  aged  at 

0°C  had  a  much  higher  rate  of  cluster  formation  than  did  specimens  which  had 

the  quench  interrupted  at  200°C .  Cold  work  introduced  prior  to  aging  at  0°C  was 

shown  to  increase  the  clustering  rate  of  specimens  having  had  an  interrupted 

quench  but  did  not  affect  the  clustering  rate  of  directly  quenched  specimens. 

These  observations  were  explained  on  the  basis  of  the  vacancy  concentrations 

(31) 

present  in  the  specimens  .  In  directly  quenched  specimens  ,  most  of  the  va¬ 
cancies  in  equilibrium  at  the  solution  temperature  are  retained  during  the  quench 
and  hence  a  large  excess  of  vacancies  is  available  to  assist  the  diffusional 
clustering  process.  When  the  quench  is  interrupted  at  200°C,  however,  vacan¬ 
cies  are  annihilated  at  grain  boundaries  and  dislocations,  fewer  vacancies  are 
retained  and  the  rate  of  clustering  i;s  consequently  reduced.  The  cold  work  in¬ 
troduced  prior  to  aging  in  specimens  having  had  an  interrupted  quench  supposedly 
increased  the  vacancy  concentration  (point  defect  generation  by  dislocations) 
and  this  allowed  the  clustering  rate  to  increase.  Cold  work  was  not  expected 
to  aid  the  kinetics  of  clustering  in  directly  quenched  specimens  since  these 


10. 


specimens  were  already  supersaturated  with  vacancies. 

The  kinetics  of  clustering  in  Al-Cu  have  been  shown  to  be  extremely 

7 

rapid  necessitating  a  diffusion  coefficient  approximately  10  greater  than  the 

(321 

coefficient  obtained  by  *'  extrapolation  of  high  temperature  data  .  This  in- 

(34) 

consistency  led  to  the  excess  vacancy  theory  originally  proposed  by  Zener 

(35)  (31) 

and  has  subsequently  been  developed  by  Federighi  and  DeSorbo  et  al.  to 
explain  most  of  the  experimental  facts  concerning  the  kinetics  of  clustering. 

The  excess  vacancy  theory  uses 

Dcu’Aaxp(-CTA)“p(-ws) 

to  explain  the  high  clustering  rate  instead  of  the  usual 

dcu"Aoxp-(-5m7£) 


where 


Lu  “  diffusion  coefficient  of  Cu  in  Al 
Cu 

A  =»  a  constant 

E  =  activation  energy  for  vacancy  migration 
m 

Ej,  “  activation  energy  for  vacancy  formation 
T^  =  aging  temperature 
Tg  “  solution  temperature . 

The  addition  of  small  amounts  of  Mg  to  an  Al-10%  Zn  alloy  has  been 

(28) 

shown  by  Panseri  and  Federlghl'  '  to  have  perceptible  effects  on  the  kinetics 
of  clustering.  Their  results  show  that  Mg  not  only  lowers  but  also  seems  to 


stabilize  the  kinetics  of  clustering,  viz.  reduces  the  effects  of  varying  the 

solution  and  aging  temperature . 

(281 

Panseri  and  Federighi'  '  conclude  that  there  is  a  strong  binding  energy 
between  Mg  and  vacancies  (~  0.5  eV)  so  that  practically  all  vacancies  are 
coupled  to  Mg  atoms .  They  also  note  that  the  Mg  -  vacancy  couples  are  quite 
mobile  at  room  temperature . 

Polmear^3^  has  investigated  the  low  temperature  aging  behavior  of  Al-Zn- 
Mg  alloys .  His  results  show  that  hardness  was  strongly  dependent  upon  the  Mg 
content  of  his  material.  He  found,  for  example,  that  after  identical  aging  treat¬ 
ments  an  Al-Zn  alloy  showed  an  increase  of  19  V.P.N.  over  the  quenched  value 
while  the  same  alloy  containing  0.08%  Mg  showed  an  increase  of  55  V.P.N. 
over  the  quenched  value.  Polmear  has  determined  the  C -curve  behavior  of  his 
ternary  alloys  and  indicates  that  the  intersections  of  his  C -curves  are  related 
to  metastable  equilibrium  lines .  This  implies  that  each  phase  initially  precipi¬ 
tated  during  a  sequence  of  isochronal  aging  treatments  should  have  its  own  C- 
carve.  Polmear  showed  that  there  can  be  one  of  two  phases  initially  present 
depending  on  the  aging  temperature.  G.P.  zones  represent  the  low  temperature 
phase  while  the  phase  initially  present  at  higher  temperatures  is  probably  T)#  . 

He  also  determined  the  compositional  dependence  of  T_  _  which  increased 

vl  t*t 

linearly  with  Zn  content  at  constant  Mg  content.  At  very  low  Mg  contents  (0.08% 

Mg) ,  only  G.P.  zones  were  present  and  this  is  understandable  since  the  a'  (fee) 

(33) 

phase  in  Al-Zn  only  appears  at  temperatures  275°C  )  higher  than  the 

(36) 

highest  temperature  used  by  Polmear.  The  results  of  Polmear  and  Panseri 
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I 


l 


(28) 

and  Federighi '  '  are  compatible  since  the  latter  authors  showed  that  Mg  re¬ 
tarded  the  kinetics  of  clustering  in  Al-Zn  and  Polmear  showed  that  the  incuba¬ 
tion  time  for  Al-8%  Zn  was  much  shorter  than  that  for  the  ternary. 

(37) 

Townsend  and  Osiecki  have  investigated  the  kinetics  of  G.P.  zone 

formation  in  an  Al-7%  Zn-1%  Mg  alloy  using  a  technique  similar  to  that  of 
(36) 

Polmear'  ' .  Their  experiments  consisted  of  determining  C -curves  for  the  de¬ 
composition  of  the  solid  solution  for  both  direct  quenching  and  interrupted 
quenching  conditions .  Their  results  strongly  indicate  that  below  the  nose  of 
the  C -curve  the  Initial  vacancy  concentration  has  no  effect  on  initial  zone  for¬ 
mation.  Above  the  nose  of  the  curve,  however,  the  initial  formation  of  G.P. 
zones  was  strongly  dependent  on  initial  vacancy  concentration.  These  results 
indicate  that  perhaps  the  dependency  of  the  Initial  clustering  rate  on  the  va¬ 
cancy  concentration  in  Al-Cu  suggests  that  the  aging  temperatures  used  in  the 
Al-Cu  investigation  were  above  the  nose  of  the  Al-Cu  C -curve. 

One  final  comment  is  deemed  necessary  concerning  the  technique  used 

(^8) 

to  determine  C -curves.  This  technique  first  used  by  Hardy'"  '  is  based  on 
measuring  the  incubation  time  of  aging  using  hardness  determinations.  Although 
the  results  of  this  technique  are  undoubtedly  valuable,  one  must  keep  in 
mind  that  the  Incubation  time  is  a  function  of  the  sensitivity  of  the  hardness  test. 
Stated  another  way,  G.P.  zones  grow  from  the  time  of  decomposition  of  the  solid 
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solution  but  the  hardness  is  affected  only  when  the  zones  reach  come  critical 

size.  This  incubation  period  is  therefore  not  the  start  of  clustering  but  the  time 

to  reach  a  certair  .  detectable  size  of  clusters. 

(39) 

Lorimer  and  Nicholson  have  shown  that,  in  principle,  G.P.  zones  can 

sometime  act  as  nuclei  for  1)'  during  isothermal  aging.  They  show  that  at  any 

aging  temperature  T  ,  the  G.P.  zones  of  size  greater  than  the  critical  nucleus 
T® 

size  ofVatT  (d  )  can  act  as  nuclei  for  1)'.  There  is  little  doubt  that  this 
a  c 

concept  closely  approximates  the  truth  although  there  are  no  direct  experimen¬ 
tal  observations  supporting  it  in  type  II  microstructures .  As  will  be  shown 
later,  however,  this  concept  of  G.P.  zones  acting  as  V  nuclei  has  been  indi¬ 
rectly  confirmed  in  the  type  III  and  should  therefore  also  apply  in  the  cose  of 
type  II  microstructures .  There  has  been  little  if  any  work  done  in  varying  the 
type  II  microstructures  although,  in  principle,  some  work  in  the  area  of  increas¬ 
ing  the  maximum  strength  at  a  given  aging  temperature  could  be  accomplished. 

The  V  -•  1)  transition  takes  place  at  very  long  aging  times  and  is  charac¬ 
terized  by  the  loss  of  coherency  of  the  semicoherent  T)/  as  well  as  a  change  in 
(13) 

lattice  parameter  .  Little  additional  Information  is  available  since  this 
transformation  has  not  been  extensively  studied.  It  would  appear  likely  that 
the  would  nucleate  from  the  7) '  or  perhaps  T,#  is  simply  an  underdeveloped 
form  of  1). 

The  region  of  the  microstructure  near  the  grain  boundary  is  interesting 
since  there  is  a  zone  free  of  precipitate  adjacent  to  the  grain  boundary.  There 
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’{ft  ,'vV  >-,<  v 


are  two  explanations  of  the  existence  of  the  precipitate  free  zone  (P.F.Z.)  de¬ 
pending  on  the  details  of  the  heat  treatment.  The  P.F.Z.  occurring  in  type  II 

(19 

microstmcture8  has  been  shown  to  result  principally  from  solute  denudation  ' 
26) 

'while  the  P.F.Z.  in  type  III  microstructures  is  mainly  due  to  vacancy  deple¬ 
te,  19, 26) 

tlon  .  The  P.F  2.  in  type  II  microstructures  is  due  to  the  competitive 

growth  of  grain  boundary  precipitates  and  G.P.  zones.  These  P.F.Z.  are  on  the 
order  of  200S  and  this  figure  is  probably  determined  by  the  vacancy  concentra¬ 
tion  gradient  (and  its  ef  ect  on  diffusion  of  solute  to  the  grain  boundary)  in  the 
region  of  the  grain  boundary. 

Type  in  Microstructure 

The  third  type  of  microstructure  (where  T  .  <  T_  „  <  T  )  has  re- 
K  quench  G.P.  age 

(9) 

calved  the  most  study  in  recent  years.  Hirano  and  Takagi  have  studied  the 
precipitation  in  an  8  w/o  Zn  -  4  w/o  Mg  alloy  over  a  range  of  aging  tempera¬ 
tures  and  have  found  that  above  230°C  only  the  T  phase  (as  well  as  a)  exists. 

In  the  range  of  200°C  to  230°C ,  they  found  the  sequence 


a  ,  -  o'  +  T'-  o  +  T. 

superset  sat 


t(21) 


This  confirms  the  results  of  earlier  X-ray  experiments  of  Graf  .  Below 

2P04C  they  found  the  sequence 

a  .  -*  a"  +  G.P.  zones  -«  o'  +  T'-«  a  +  T. 

supers  at 

The  only  direct  observation  of  this  T  phase  was  made  by  Embury  and 
(8) 

Nicholson  1  who  have  shown  that  the  T  phase  nucleates  heterogeneously  at 

(24) 

grain  boundaries  and  dislocations.  Graf  reports  that  below  300*C  the  T 
phase  is  not  precipitated  directly  but  1*  preceded  by  1) . 
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The  current  state  of  knowledge  concerning  the  formation  of  precipitates  in 

(8 

type  III  microstructures  is  mainly  due  to  Nicholson  and  his  colleagues  Embury  * 
^  and  Lorimer^®  .  Their  work  was  initiated  by  the  fact  that  the  dispersion 
of  matrix  precipitate  could  be  neither  adequately  predicted  nor  explained  by  the 
application  of  classical  metallurgy  princlp’es .  It  was  noted  that  solute  super¬ 


saturation  arguments  previously  considered  to  be  the  controlling  factor  in  pre- 

■  I*  *  i »  ■  « i  . .  1  / j  _  - i  i  — t  .  _  —  » -  i  *  .  - . » — .  _ 


cipltate  distribution 


could  not  explain  many  experimental  observations . 


In  particular,  they  mentioned  that  supersaturation  arguments  can  not  explain: 

(1)  the  presence  of  P.F.Z.c  which  occur  adjacent  to  grain  boundaries;  (2)  mi¬ 
crostructures  having  different  degrees  of  precipitate  dispersion  although  decom¬ 
posing  under  similar  solute  supersaturations  and  (3)  quenching  rates,  time 
spent  at  room  temperature  before  aging,  the  rate  of  heating  to  the  aging  tempera¬ 
ture  and  the  presence  of  trace  elements  all  affecting  the  precipitate  dispersion 

although  none  of  these  appreciably  affect  the  solute  supers aturation. 

(39) 

Lorlmer  and  Nicholson  have  proposed  a  model  that  does  explain  this 
anomolous  behavior.  In  effect,  they  say  that  not  only  is  there  a  sequence  of 
precipitates  but  also  that  V  can  nucleate  on  certain  G.P.  zones  which  exceed 
a  minimum  size.  Their  model  postulates  that  upon  quenching  to  a  temperature 
below  the  T^,  _  ,  G.P.  zones  form  from  the  solid  solution,  the  size  distribution 

Iji  #r  • 

of  which  depends  upon  Tu  end  the  time  at  Tu.  Upon  upquenching  above  T~  n 

U  U  ip  ^  •  *  • 

to  T  ,  those  G.P.  zones  having  reached  a  size  greater  than  d  a,  related  to 
a  c 

ti  e  critical  nucleus  size  of  V  at  T  ,  will  act  as  nuclei  for  V .  It  may  be  con- 
eluded  from  this  Investigation  that  the  larger  the  G.P.  zones  before  upquenching. 


the  finer  the  distribution  of  *n/  (more  G.P.  zones  exceed  d  a  therefore  more 

c 

nuclei) .  It  should  be  clear  that  any  factor  which  varies  the  G.P.  zone  size 
distribution  would  also  necessarily  vary  the  V  distribution.  The  quenching  rate 
affects  the  G.P.  zone  distribution  by  its  effect  on  the  vacancy  concentration 
while  variations  in  the  heating  rate  would  allow  the  sizes  of  zones  to  vary. 
Trace  elements  can  affect  the  precipitation  process  by  either  stabilizing  the 
solute  atcm/vacancy  clusters'  '  thereby  preventing  a  loss  of  vacancies  to  grain 


boundaries  or  by  changing  T-,  _  7 . 

VJ  • 

(26 

One  of  the  most  important  results  of  the  work  of  Lorimer  and  Nicholson'  ' 
39) 

was  that  they  showed  that  the  dispersion  of  matrix  precipitate  can  be  con¬ 
trolled  by  controlling  the  size  distribution  of  G.P.  zones.  In  general,  the 
larger  the  G.P.  zones  grown  below  T~  _  the  finer  the  distribution  of  I)7  upon 
upquenching  to  T  (>T_  D  ). 

Embury  and  Nicholson^  as  well  as  Taylor^43^  have  shown  that  the  forma¬ 
tion  of  a  P.F.Z.  in  a  type  III  microstructure  is  caused  by  a  vacancy  rather  than 

(44) 

a  solute  depletion  at  the  grain  boundaries  as  previously  postulated  .  Embury 

(8) 

and  Nicholson  7  say  that  the  high  supersaturation  of  vacancies  of  solution 
treated  and  quenched  material  would  be  first  reduced  at  the  strongest  va¬ 
cancy  sinks  viz.  gram  boundaries  and  dislocations.  The  vacancy  concentration 


in  the  bulk  of  the  grains  would  retain  a  supersaturation  of  vacancies  anchored 


by  the  Mg  atoms .  Figure  1  schematically  illustrates  their  postulated  vacancy 
profiles  under  different  solution  treating  and  quenching  conditions.  They 


Figure  1 .  A  comparison  of  the  vacancy  concentration  profiles  for  various 
solution  treatment,  quenching  and  aging  conditions.  The  P.F.Z.  widths 
depicted  are  (a)  solution  at  510°C,  water  quench,  age  at  135°C,  (b)  so¬ 
lution  at  510°C,  water  quench,  age  at  180°C,  (c)  solution  at  465°C,  wa¬ 
ter  quench,  age  at  180°C  and  (d)  solution  at  465°C,  oil  quench,  age  at 
180°C.'8) 
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suggest  that  specimens  given  a  low  quench  rate  would  have  more  vacancies 

diffusing  to  the  grain  boundaries  causing  lower  vacancy  concentrations  in  the 

immediate  vicinity  of  the  boundaries  than  specimens  given  faster  quenches. 

Upon  aging  at  some  elevated  temperature,  Embury  and  Nicholson  assume  that  a 

critical  vacancy  concentration  (permitting  the  formation  of  G.P.  zones  of  the 

critical  size)  is  necessary  for  the  nucleation  of  the  matrix  precipitate  and  the 

combination  of  this  critical  vacancy  concentration  and  the  above  mentioned 

vacancy  concentration  gradient  leads  to  the  formation  of  the  P.F.Z.  as  indicated 

in  Figure  1.  There  is  some  experimental  evidence  indicating  that  the  P.F.Z. 

can  be  attributed  to  vacancy  concentrations.  Both  the  P.F.Z.  and  the  size  and 

(8) 

distribution  of  matrix  precipitate  ara  strongly  dependent  upon  quenching  rate'  . 

Slower  quenches  result  in  both  wider  P.F.Z.s  and  larger,  more  widely  spaced 

precipitates  than  faster  quenches.  These  observations  might  be  explained  by 

considering  the  expected  differences  in  vacancy  concentrations . 

The  addition  of  certain  trace  elements  such  as  Ag  to  Al-Zn-Mg  alloys  has 

created  a  finer  distribution  of  matrix  precipitate  and  nearly  eliminated  the 
(45  46)  (47) 

P.F.Z.  '  .  Nicholson  has  suggested  that  this  could  be  caused  by  the 

Ag  acting  to  stabilize  the  vacancy  profile  and  preventing  a  large  vacancy  flow 

to  the  grain  boundaries.  Embury  and  Nicholson'  7  present  other  experimental 

observations  that  strongly  support  the  hypothesis  that  the  P.F.Z.  is  caused  by 

vacancy  rather  than  solute  depletion.  For  example,  a  microstructure  containing  a 

(8) 

P.F.Z.  formed  by  aging  at  180°C  was  reaged  at  135°C.  They  '  found  that  the 


_ _ 
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second  age  had  caused  precipitation  within  the  original  P.F.Z.  and  this  new 
P.F.Z.  was  identical  to  that  formed  in  material  aged  only  at  135°C.  The  width 
of  the  P.F.Z.  was  shown  to  be  independent  of  aging  time  although  the  grain 
boundary  precipitate  had  coarsened  with  aging  time.  The  P.F.Z.  width  was 
also  shown  to  be  dependent  on  the  solution  treating  temperature  (initial  vacancy 
concentration) . 

Several  other  workers  have  found  results  similar  to  those  of  Embury  and 

(43  48' 

Nicholson  regarding  the  effects  of  solution  temperature  '  '  and  quenching 

(19  49) 

rate  '  on  both  the  P.F.Z.  width  and  the  dispersion  of  matrix  precipitate. 

(19) 

Cornish  and  Day  have  recently  studied  the  precipitation  occurring  in 
the  vicinity  of  grain  boundaries  in  an  Al-Zn-Mg  alloy  and  their  results  substan¬ 
tiated  the  claims  of  Nicholson  et  al.  It  seems  well  established  that  P.F.Z.s 
in  type  II  microstructures  are  due  to  both  a  solute  and  vacancy  depletion  while 
in  type  III  they  are  due  to  a  vacancy  depletion  in  the  grain  boundary  region. 
There  is  evidence  that  grain  boundaries  can  act  as  vacancy  sinks.  Previous 
work  with  pure  aluminum  that  has  been  solution  treated,  quenched  and  aged 
has  shown  that  voids and  dislocation  loops  of  both  the  faulted^^  (Frank) 
and  prismatic  types^*'^  can  form  as  a  result  of  a  supersaturation  of  vacan¬ 
cies  .  The  type  of  defect  that  forms  appeared  to  depend  on  the  solution  treating 

temperature,  quenching  rate  and  aging  temperature.  One  result  of  this  work^ 
52) 

that  is  pertinent  to  this  present  discussion  is  the  fact  that  there  were  re¬ 
gions  free  of  these  defects,  viz.  voids  and  loops,  in  the  vicinity  of  both  grain 


19. 
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boundaries  and  dislocations.  These  observations  have  been  explained  on  the 
basis  that  since  grain  boundaries  and  dislocations  are  potent  vacancy  sinks, 
the  vacancy  supersaturation  in  regions  adjacent  to  grain  boundaries  and  dislo¬ 
cations  would  be  reduced  and  these  regions  would  not  be  expected  to  contain 
voids  and  dislocation  loops . 

2.2  Stress -Corrosion  of  Al-Zn-Mg  Alloys 
2.2.1  Variables  Affecting  Susceptibility 

The  Al-Zn-Mg  system  has  been  a  source  of  much  frustration  to  metal¬ 
lurgists  for  nearly  50  years.  This  frustration  exists  because  the  same  micro¬ 
structures  that  have  exhibited  high  yield  and  tensile  strengths  have  also  been 
extremely  susceptible  to  stress -corrosion  cracking. 

(5  3) 

This  disturbing  situation  was  first  documented  by  Rosenhain  et  a!.  in 
1921  when  they  showed  that  certain  Al-Zn-Mg  alloys  possessed  both  high 

(54) 

strength  and  high  susceptibility  to  stress-corrosion.  Sanders  and  Mussner 
later  showed  that  corrosion  was  a  significant  factor  in  the  cracking  of  Al-Zn-Mg 


alloys  under  an  enduring  load . 

In  the  nearly  50  years  since  this  initial  work  was  reported,  there  has 
been  an  intensive  effort  made  on  the  part  of  many  workers  to  understand  and 
thereby  possibly  eliminate  the  problem  of  stress -corrosion  in  Al-Zn-Mg  alloys. 
Most  of  the  historical  research  was  concerned  with  determining  what 


factors  influenced  stress -corrosion  and  in  order  to  gain  insight  into  the  pheno 


menon, variables  such  as  composition,  phases  present,  trace  elements,  stress 
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level,  grain  size  and  testing  temperature  were  examined.  One  of  the  few  non- 
controversial  conclusions  that  has  been  reached  as  a  result  of  this  work  was  a 
workable  definition  of  stress -corrosion  of  aluminum  alloys,  viz.  that  stress- 
corrosion  is  a  cracking  process  requiring  a  susceptible  alloy,  specific  micro¬ 
structures,  a  sustained  tensile  stress  and  exposure  to  a  particular  environ- 

.  (55) 
ment 


In  the  first  attempts  to  understand  the  phenomenon,  investigators  tried  to 
establish  a  correlation  between  susceptibility  and  alloy  composition.  Hansen 
et  ^ (56,57)  f0un(j  that  dilute  alloys  with  less  than  6%  (Zn  +  Mg)  were  resis¬ 
tant  to  stress -corrosion  after  a  wide  variety  of  heat  treatments.  They  also 
found  that  higher  alloying  (including  Mn)  resulted  in  extreme  susceptibility  un¬ 
less  aging  was  performed  either  at  room  temperature  or  above  100°C.  The  ten¬ 
dency  for  increased  susceptibility  with  increased  alloying  was  substantiated 

ii  /co  rQ\ 

by  Siebel  and  Vosskuhler  '  '  who  again  noted  that  aging  above  125°C  re¬ 

sulted  in  low  susceptibility.  These  authors  also  showed  that  Cu,  Mn  and  Cr  in 
small  amounts  led  to  a  decrease  in  susceptibility.  Chadwick  et  al.^^  have 
studied  the  stress -corrosion  behavior  of  a  series  of  ternary  compositions  and 
found  no  correlation  between  susceptibility  and  the  equilibrium  phase  field  in 
which  the  composition  existed  although  they  did  find  the  general  trend  that  sus¬ 
ceptibility  increased  with  alloy  content.  Later  work  in  stress -corrosion  has 
dealt  with  the  effect  of  trace  elements  on  the  susceptibility  of  Al-Zn-Mg  alloys 
of  compositions  based  on  commercial  alloys.  The  element  receiving  the  most 
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attention  is  Ag.  Polmear  '  '  and  later  Elkington  and  Turner'  ;  have  shown 

that  small  amounts  of  Ag  0.3%)  not  only  increased  the  mechanical  properties 
of  Al-Zn-Mg  alloys  but  also  slightly  decreased  the  susceptibility  to  stress-cor¬ 
rosion.  Chadv;ick  et  al.^^  have  also  shown  that  while  individual  additions  of 


Cu,  Mn  and  Cr  in  small  amounts  did  not  appear  to  increase  stress -corrosion  re¬ 
sistance/  Cu  when  added  with  Cr  or  with  Cr  and  Mn  did  appear  to  reduce  sus¬ 
ceptibility.  The  results  of  Chadwick  et  al.^^  were  compatible  with  those  due 

(63) 

to  earlier  work  of  Dixv 

The  effect  of  stress  level  on  susceptibility  has  been  investigated  by 
Chadwick  et  al.^^  .  A  portion  of  their  results  is  shown  in  Figure  2  which  re¬ 
veals  the  effect  of  composition  as  well  as  stress  level  on  susceptibility.  These 
authors  have  also  shown  that  when  a  commercially  pure  base  rather  than  pure 
base  material  is  used,  a  grain  refinement  is  achieved.  This  fine  grain  material 
was  less  susceptible  to  stress -corrosion  than  was  coarse  grained. 

The  temperature  of  stress -corrosion  testing  has  been  showr  to  be  a  very 
important  variable.  Wasserman  ;  observed  that  for  each  10°  increase  in  tem¬ 
perature  in  the  range  10°-70°C,  the  time  to  failure  is  shortened  by  more  than  a 

(65) 

factor  of  10.  Gruhl'  '  later  confirmed  this  observation  by  reporting  that  in  the 


same  temperature  range  a  1°  increase  in  temperature  reduced  the  life  of  speci¬ 
mens  by  about  5% . 


Several  theories  have  been  proposed  concerning  the  stress -corrosion  of 
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(66) 

Al-Zn-Mg  alloys.  The  first  was  a  general  theory  presented  by  Mears  et  al.'  ' . 
Their  theory*  basically  electrochemical  in  nature*  states  that  corrosion  occurs 
along  localized  paths  (grain  boundaries)  producing  fissures.  A  stress  concen¬ 
tration  is  created  at  the  root  of  these  fissures  which  magnifies  the  component  of 
stress  normal  to  the  path.  This  stress  concentration  increases  as  the  fissure 
grows  or  if  the  radius  of  the  fissure  tip  decreases.  When  this  stress  concen¬ 
tration  reaches  a  sufficient  level»the  fissures  open  further  exposing  unfilmed 
metal  to  the  environment  and  an  accelerated  rate  of  attack  would  then  be  expec¬ 
ted  until  protective  films  are  reformed.  The  fissure  continues  to  grow  under  the 
action  of  corrosion.  An  increased  rate  of  penetration  occurs  because  of  the 
mutually  accelerating  effects  of  stress  and  corrosion.  Dix'  '  later  applied 
this  general  theory  to  the  stress -corrosion  of  Al-Zn-Mg  alloys.  He  noted  that 
the  precipitates  in  this  system  were  anodic  to  the  surrounding  material  and  that 

the  zones  adjacent  to  grain  boundaries  would  be  expected  to  be  cathodes  since 

(67) 

they  were  denuded  of  solute'  .  The  anodic  path  wa?  therefore  depicted  as 

being  the  grain  boundaries  containing  small  precipitates  adjacent  to  a  large 

cathode  (Dix's  depleted  zone).  The  mechanism  of  crack  growth  was  presented 

as  the  sequential  process  of  mechanical  tearing  of  the  denuded  zone  followed 

(63) 

by  dissolution  of  other  grain  boundary  precipitates.  Dix'  '  suggested  that 
susceptibility  would  decrease  if  precipitation  along  crystallographic  surfaces 
could  be  prevented. 

Another  predominately  electrochemical  theory  has  been  proposed  by 


(3  68) 

McEvlly  et  al.  '  .  These  authors  state  that  stress-corrosion  will  occur  in 

materials  when  the  combination  of  stress  and  environment  produce  a  situation 
where  a  film  forms  which  protects  against  general  corrosion  but  which  is  not 

M  . 

mechanically  strong  enough  to  prevent  localized  rupture  under  the  influence  of 

stress.  This  model  uses  the  P.F.Z.  as  the  active  path  for  stress-corrosion. 

(69) 

These  authors,  as  well  as  Thomas'  ,  note  that  cold  work  prior  to  aging  reduces 

susceptibility  by  Jogging  the  grain  boundary  (partial  recrystallization)  and  ellml- 

nating  the  P.  ’.Z.  '  McEvily  et  al. '  'h  o  shown  that  in  the  absence  of 

stress, the  grain  boundaries  are  cathodic  to  the  grain  interiors  (specimen  at 

-0.84V  •  S.C.E.)  while  in  the  presence  of  stress  the  boundaries  are  anodic. 

They  also  note  that  the  environment  (halide  ions)  can  aid  stress -corrosion  by 

being  incorporated  into  the  oxide  thereby  weakening  it  and  also  by  interfering 

in  the  repair  process  of  ruptured  oxide.  The  crack  growth  mechanism  is  a  two 

stage  process:  (a)  the  formation  followed  by  the  rupturing  of  oxide  film  at  the 

crack  tip  and  (b)  the  plastic  deformation  of  the  ductile  substrate  and  the  arrest 

of  the  crack  by  plastic  blunting .  Dnce  the  crack  has  stopped ,  the  film  reforms 

and  then  is  fractured  due  to  creep  in  the  P.F.Z.  These  authors  think  that  most 

(3 

of  the  crack  advance  would  occur  during  the  blunting  process.  McEvily  et  al.  ' 
68) 

'  present  f.actographs  showing  striations  on  the  fracture  surface.  These 

authors  claim  that  this  is  direct  evidence  of  a  two-stage  cracking  process  where 

the  strictions  are  the  locations  of  the  arrest  of  the  advancing  crack. 

(63  66) 

Although  the  electrochemical  theory  of  Dix  et  al.'  '  and  the  film 


(3  68) 

rupture  theory  of  McEvily  et  al. '  '  '  are  important  contributions  in  the  study 

of  the  stress -corrosion  of  Al-Zn-Mg  alloys  ,  they  do  not  begin  to  explain  all  of 
the  observations  in  this  area.  Probably  the  most  important  failure  of  these 
theories  is  that  they  can  not  adequately  explain  the  well  documented  effect  of 
microstructu’.e  in  stress -corrosion.  For  example,  Miekle^7^  and  Pugh^7^  have 
shown  that  any  ono  alloy  can  exhibit  a  wide  variety  of  stress -corrosion  be¬ 
havior  depending  on  what  particular  microstructure  is  being  tested.  This  rela¬ 
tionship  between  susceptibility  and  microstructure  is  shown  in  Figure  3. 

9 

Most  current  theories  of  stress -corrosion  deal  with  the  role  of  microstruc¬ 
ture  in  the  stress -corrosion  of  Al-Zn-Mg  alloys.  It  is  interesting  to  note  that 
the  quest  for  the  understanding  of  the  role  of  microstructure  in  stress -corrosion 
began  simultaneously  with  the  acceptance  of  modem  transmission  electron  mi¬ 
croscopy  as  a  tool  of  metallurgical  research.  Since  stress -corrosion  cracks  ad- 
vance  along  intergranular  paths'  '  '  in  Al-Zn-Mg  alloys,  most  investigators 

have  focussed  their  attention  in  the  regions  near  the  grain  boundaries.  Those 

(1  8  19) 

regions  have  been  shown'  '  '  'to  exhibit  three  distinct  features:  (1)  the  grain 
boundary  and  grain  boundary  precipitates,  (2)  the  P.F.Z.  adjacent  to  the  bound¬ 
ary  and  (3)  the  precipitate  in  the  matrix. 

At  the  present  time  each  of  these  microstructural  features  is  held  respon¬ 
sible  for  stress -corrosion  by  different  groups  of  investigators  .  The  first  group, 
the  advocates  of  the  P  F.Z.,  imply  that  susceptibility  is  due  to  the  presence 
per  se.  of  the  P.F.Z. investigators have  implied  that  the 
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P.F.Z.  would  affect  cracking  rates  but  would  not  in  Itself  cause  susceptibility. 
The  advocates  of  the  P.F.Z.  base  their  theory  on  two  main  assumptions:  (1)  that 
there  is  preferential  plastic  flow  in  the  P.F.Z.  and  (2)  that  deformed  material  is 
anodic  to  undeformed  material.  Although  the  first  assumption  is  questionable, 
there  is  some  evidence  that  the  second  might  be  true''  '  ' .  Thomas  and  Nut¬ 

ting  ^  and  later  Pugh  and  Jones^  proposed  similar  models  relating  the  P.F.Z. 
to  susceptibility.  These  models  suggest  that  due  to  the  difference  in  strength 
between  the  P.F.Z.  and  the  matrix,  preferential  plastic  flow  would  be  expected 
in  the  P.F.Z.  Since  this  deformed  P.F.Z.  is  anodic  to  the  matrix,  dissolution 

of  the  P.F.Z.  would  occur  producing  stress  concentration  effects  which  would 

(2) 

cause  further  plastic  flow  and  the  process  would  continue.  It  was  assumed 

that  the  electrochemical  stage  was  most  important  because  the  mechanical  stage 

(which  depends  on  the  difference  in  strength  between  the  P.F.Z.  and  the  matrix) 

could  not  explain  the  observations  presented  in  Figure  3 .  The  results  of  recent 

(4) 

work  have  been  considered  by  Sedricks  et  al.  to  show  +hat  a  reduction  in  the 
P.F.Z.  width  results  in  an  increase  in  susceptibility.  They  note  that  these  re¬ 
sults  indicate  that  a  dissolution  model  is  likely  since  a  decrease  in  what  they 

consider  to  be  the  anodic  area  has  led  to  an  increase  in  susceptibility.  Sedricks 

(4) 

et  al.  suggest  that  the  role  of  stress  is  to  make  the  P.F.Z.  anodic  to  the 
grain  interior. 

(7  5)  (7  6) 

Another  group  of  investigators,  viz.  Jacobs'  '  and  Kent'  ,  suggest  that 
the  grain  boundary  precipitates  are  responsible  for  stress -corrosion  suscepti¬ 
bility.  Actually,  the  model  proposed  by  Thomas  and  Nutting ^  might  also  be 


26. 

classified  with  this  group  since  they^  suggest  that  at  maximum  hardness  (and 

according  to  them  simultaneous  maximum  susceptibility)  the  grain  boundaries 

are  covered  with  a  film -like  precipitate  which  inhibits  slip  transfer  across  the 

(76) 

boundaries.  Although  Kent'  '  does  not  propose  a  model,  he  did  note  that  an  in¬ 
crease  in  the  size  and  spacing  of  grain  boundary  precipitate  correlated  with  a 

(7  5) 

decrease  in  susceptibility.  The  model  due  to  Jacobs  was  propounded  to  ex¬ 
plain  the  difference  in  susceptibility  of  a  commercial  7075  alloy  in  the  T6  (maxi¬ 
mum  hardness  and  very  susceptible)  and  the  T73  (overaged  and  not  susceptible) 

(75) 

conditions.  Jacobs  noted  that  the  T6  treatment  retained  dislocations  from 

(77) 

the  quench  while  the  T73  treatment  did  not.  In  previous  work,  Jacobs  found 

that  in  the  absence  of  stress, the  corrosion  behavior  of  the  two  treatments  was 

identical.  In  both  cases  CT6  and  T73),  the  process  consisted  of  the  dissolution 

(75) 

of  grain  boundary  precipitates.  In  Jacobs'  model  the  initiation  stage  is 
identical  for  each  microstructure,  viz.  the  dissolution  of  grain  boundary  pre¬ 
cipitate  at  a  free  surface.  This  pit  would  cause  a  stress  concentration  which  in 
the  case  of  T6,  with  the  dislocations  present,  would  be  sufficient  to  fracture 
the  grain  boundary  precipitate -matrix  interface  but  in  T73  would  only  cause 

plastic  flow.  The  propagation  of  the  crack  in  T73  postulated  by  Jacobs  is 

(2) 

similar  to  that  proposed  by  Pugh  and  Jones  ,  viz.  the  cycle  of  deformation 

accelerated  corrosion,  causing  a  stress  concentration,  causing  deformation  ac- 

(75) 

celerated  corrosion.  Jacobs  notes  thatT73,  having  a  higher  dislocation 
mobility,  would  be  more  efficient  at  blunting  a  propagating  crack.  He  also 
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notes  that  since  the  T6  structure  had  a  lower  dislocation  mobility,  it  would  be 
less  efficient  (than  T73)  in  blunting  a  crack  and  the  crack  formed  at  the  precipi¬ 
tate  would  then  be  able  to  run  along  the  boundary  until  it  impinged  on  the  next 
precipitate.  This  process  would  then  repeat  until  final  fracture  occurred. 

Jacobs  assumes  that  the  propagation  of  the  crack  between  the  precipitates  is 
deformation  assisted  corrosion  and  therefore  would  be  the  slow  step  in  the  cycle. 

It  seems  that  the  cracking  rate  in  model  would  depend  on  the  size  and 

(76) 

spacing  of  the  grain  boundary  precipitates  and  that  the  findings  of  Kent'  are 

therefore  compatible  with  this  model . 

The  third  group  of  investigators  disregard  the  effects  of  the  P.F.Z.  as 

well  as  the  grain  boundary  precipitate  noting  that  there  is  a  strong  correlation 

between  susceptibility  and  deformation  substructure.  This  group  feels  that  the 

size,  type  and  distribution  of  matrix  precipitate  actually  controls  susceptibility 

(78  79) 

through  its  effect  on  deformation  processes.  Gruhl  et  al.  '  '  have  reported 

that  the  highest  susceptibility  occurs  when  an  Al-Zn-Mg  alloy  is  hardened  by 
G.P.  zones.  Speidel^  and  Holl^  have  shown  a  strong  correlation  between 
susceptibility  and  deformation  substructure.  In  general,  their  results  indicate 
that  microstructures  exhibiting  localized  slip  after  deformation  are  susceptible 
to  stress  corrosion  while  unsusceptible  microstructure  show  a  more  homogeneous 
type  substructure.  They  have  also  shown  by  direct  observation  that  there  is  no 
preferential  slip  in  the  P.F.Z. .  This  fact  appears  to  invalidate  the  P.F.Z. 
theory  since  preferential  slip  in  the  P.F.Z.  is  a  basic  tenet  of  that  theory. 
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Speidel'  '  '  has  proposed  a  model  to  explain  how  the  susceptibility  of 

an  alloy  depends  upon  the  microstructure  (Figure  3).  This  model  assumes  that 

the  effective  stress  which  pushes  dislocations  against  the  grain  boundary  is 

T  =  T  -  r 
e  a  o 

where  r  is  the  applied  shear  stress  and  r  is  the  friction  stress,  r  is  con- 
a  o  o 

sidered  to  consist  of  four  terms 


where 


+V 


T  =  stress  due  to  elastic  interactions  with  other  dislocations 
G 

Te  =  stress  due  to  intersection  of  dislocations 
s 

T00  =  stress  due  to  solid  solution  hardening 
SS 

rp  =  stress  due  to  precipitation  hardening. 

Ic  on] 

Speidel'  '  '  notes  that  dislocations  can  shear  G.P.  zones  thereby  lower¬ 

ing  7  and  raising  r  .  He  states  that  t  will  increase  in  the  underaged  condi- 
p  e  p 

tion  as  the  aging  time  increases  to  maximum  hardness.  The  stress  concentration 

nr  (n  is  the  number  of  dislocations  in  the  pile  up)  at  the  head  of  the  pile-up 
e 

would  therefore  be  expected  to  increase  as  the  time  of  aging  increases  up  to 
maximum  hardness.  Speidel  explains  the  decrease  in  susceptibility  with  larger 
aging  times  by  suggesting  that  at  these  times  there  is  an  increasing  volume 
fraction  of  particles  that  cannot  be  sheared  and  this  would  lead  to  lower  stress 
at  the  grain  boundaries.  Speidel  notes  that  the  role  of  microstructure  in  stress- 
corrosion  is  to  vary  the  stress  concentration  at  the  intersections  of  slip  bands 
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and  grain  boundaries  by  varying  r  . 

In  summary,  the  literature  has  revealed  many  important  results  concerning 
the  relationship  between  micro  structure  and  susceptibility  of  Al-Zn-Mg  alloys 
to  stress-corrosion  cracking .  It  is  clear  that  a  controversy  exists  as  to  the 
exact  role  of  microstructure  in  stress -corrosion.  While  it  appears  disturbing 
that  there  is  such  little  agreement  among  the  various  authors,  the  controversy  is 
easily  understood.  The  lack  of  agreement  arises  mainly  because  of  the  relation¬ 
ship  among  the  metallurgical  features  of  the  microstructures  that  have  recently 
been  investigated.  Most  of  this  recent  work  has  dealt  with  the  effect  of  changes 
in  one  of  the  micros tructural  features  (viz.  P.F.Z. ,  grain  boundary  and  matrix 
precipitates)  on  susceptibility  while  neither  controlling  nor  accounting  for  the 

concomitant  changes  in  the  other  features.  Although  the  situation  appears 

(8  26  39  4  0) 

hopeless,  superficially  at  least,  the  work  done  by  Nicholson  et  al,'  '  '  '  ' 

has  provided  insight  irto  the  relationship  between  the  P.F.Z.  and  the  matrix 
precipitate.  Using  this  relationship  and  simultaneously  accounting  for  varia¬ 
tions  in  grain  boundary  precipitates,  it  seemed  as  if  a  series  of  microstructures 
could  be  generated  that  might,  after  stress -corrosion  testing,  resolve  the  con¬ 
troversy  in  the  literature . 
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Experimental  Procedure 
3 . 1  Material 

The  composition  of  the  alloy  used  in  this  investigation  was  Al-6.8  wt  % 
Zn-2.3  wt  %  Mg  with  less  than  0.01  wt  %  Si  ,  Fe,  Cu,  Mn,  Cr,  Ni  and  Ti.  This 
material  was  purchased  from  the  Aluminum  Company  of  America  in  the  form  of 
0.040  inch  thick  sheet.  A  portion  of  this  sheet  was  subsequently  further  re¬ 
duced  to  0.010  inch  thick  sheet. 

3.2  Heat  Treatments 

All  high  temperature  heat  treatments  (viz.  pre-solution  and  solution  treat¬ 
ments)  were  performed  in  air  using  a  resistance  wound,  vertical  furnace.  The 
temperature  in  this  furnace  was  controlled  to  with  +  5°C  and  the  constant -tem¬ 
perature  zone  was  long  enough  to  completely  enclose  the  specimens. 

There  has  been  little  work  done  in  determining  the  various  important  tem¬ 
peratures  in  this  system.  Nevertheless,  it  was  possible  to  estimate  the  critical 
temperatures  of  this  alloy  from  the  literature.  The  solidus  temperature  for  this 

(g  gj\ 

composition  is  approximately  370°C'  '  '  while  the  T)  solvus  is  approximately 

250°C^  and  IheG.P.  zone  solvus  is  approximately  170oC^'^'^. 

All  specimens  were  given  a  pre-solution  treatment  consisting  of  30  minutes 
at  430°C  ,  followed  by  1  hour  at  530°C ,  followed  by  air  cooling  to  room  tempera¬ 
ture.  This  treatment  was  deemed  necessary  to  ensure  a  uniform  grain  size, 

some  degree  of  homogenization  and  complete  recrystallization  in  the  material. 

(82)  • 

This  last  aspect  was  considered  important  since  Hollv  '  has  demonstrated  that 


large  variations  in  precipitate  distribution  can  be  obtained  in  specimens  having 
different  degrees  of  recrystallization  prior  to  aging. 

The  solution  treatment  given  all  specimens  consisted  of  holding  the  speci¬ 
mens  for  one  hour  at  465 °C,  followed  by  an  oil  quench  to  room  temperature. 

Temperature  controlled  silicone  oil  baths  were  used  for  all  aging  treatments 
except  those  at  100®C  when  boiling  water  was  used. 

The  temperature  of  the  oil  baths  was  maintained  to  within  +  1  °C  of  the  de¬ 
sired  aging  temperature. 

The  heat  treatments  employed  in  this  investigation  resulted  in  a  mean 
grain  diameter  of  approximately  0 . 5mm . 

3.3  Obtaining  the  Microstructures  Necessary  for  the 
Stress -Corrosion  Investigation 

It  was  apparent  from  the  literature  that  a  wide  variety  of  microst.uctures 
(type  in)  could  be  obtained  through  heat  treating.  It  also  seemed  possible  to 
generate  an  ideal  series  of  microstructures  which,  after  being  tested  for  stress- 
corrosion  susceptibility,  would  establish  which  microstructural  feature  (viz. 
P.F.Z.,  grain  boundary  or  matrix  precipitate)  controls  the  phenomenon.  These 
results  might  also  be  expected  to  resolve  the  controversy  in  the  literature.  This 
ideal  series  of  microstructures  would  have  to  have  the  following  qualifications: 

(A)  Two  microstructures  with  the  same  P.F.Z.  wiuth  and  grain  bound¬ 
ary  precipitate  but  having  different  matrix  precipitate. 

(B)  Two  microstructures  with  the  same  grain  boundary  and  matrix 
precipitate  but  having  different  P.F.Z.  widths. 
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(C)  Two  miorostructures  with  the  same  P.F.Z.  width  and  matrix  pre¬ 
cipitate  but  having  different  grain  boundary  precipitate. 

Unfortunately,  it  does  not  seem  possible  to  satisfy  all  three  conditions 
with  one  alloy.  While  conditions  (A)  and  (B)  perhaps  could  be  satisfield  with 
one  alloy,  it  would  not  seem  possible  to  fulfill  condition  (C)  with  one  composi¬ 
tion  since  the  solute  necessary  to  effect  a  change  in  the  grain  boundary  precipi¬ 
tate  would  necessarily  come  from  the  matrix  and  thereby  violate  the  constraint's 
of  condition  (C) .  However,  all  three  conditions  might  be  satisfied  by  more  than 
one  alloy. 

It  was  decided  that  heat  treatments  should  be  developed  to  approximate 

conditions  (A)  and  (B)  and  although  the  grain  boundary  precipitates  would  be 

allowed  to  vary,  they  could  be  observed  and  taken  into  account  in  the  analysis. 

The  heat  treatments  designed  to  vary  the  width  of  the  P.F.Z.s  and  the 

matrix  precipitates  are  shown  in  Figure  4.  These  treatments  were  based  on  the 

(8  40)  (26  39) 

work  of  Nicholson  and  his  colleagues  Embury'  '  '  and  Lorimer  ' 

In  all  three  heat  treatments  ,  specimens  were  oil  quenched  to  room  tempera¬ 
ture  and  this  fairly  slow  quench  was  used  to  establish  a  large  vacancy  depleted 
region  adjacent  to  the  grain  boundaries.  Heat  treatment  1  was  designed  to  give 
a  wide  P.F.Z.  and  a  relatively  coarse  distribution  (relatively  large  particles  and 
large  interparticle  spacings)  of  matrix  precipitates.  Specimens  were  therefore 

upquenched  to  T  =  180°C  after  only  30  seconds  at  room  temperature, 
d 

In  heat  treatment  2,  the  1  hour  age  at  Tn  =  100°C  was  given  to  allow  time 
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for  the  growth  of  G  .P.  zones  within  the  vacancy  depleted  region  and  also  to 

cause  a  large  number  of  G.P.  ~ones  within  the  grain  interior  to  achieve  a  size 
1 80°C 

greater  than  d  .  Consequently,  the  structure  expected  on  aging  at 

c 

180°C  would  have  a  narrow  P.F.Z.  and  a  fine  Distribution  (relatively  small  par¬ 
ticles  and  small  interparticle  spacings)  of  matrix  precipitates. 

Heat  treatment  3  was  an  attempt  to  obtain  a  narrow  P.F.Z.  and  a  distribu¬ 
tion  of  precipitates  within  the  matrix  closely  resembling  that  of  heat  treatment 
1.  The  3C  seconds  at  room  temperature  followed  by  20  minutes  at  180#C  was 
given  to  establish  a  P.F.Z.  and  a  distribution  of  matrix  precipitates  charac¬ 
teristic  of  heat  treatment  1.  This  was  followed  by  a  1  hour  age  at  100°C  to 
allow  the  growth  of  G.P.  zones  within  the  original  P.F.Z.  so  that  on  upquench- 
ing  to  180°C  ,  the  P.F.Z.  width  would  be  reduced.  Additional  nucleation  of  V 
within  the  grain  interior  was  considered  unlikely  as  the  V  particles  formed  dur¬ 
ing  the  first  20  minutes  at  180°C  would  have  considerably  reduced  the  solute 
supersaturation  in  this  region. 

The  progress  of  aging  at  180°C  of  the  three  heat  treatments  was  followed 
by  means  of  room  temperature  hardness  and  tensile  measurements.  The  micro- 
structures  to  be  used  in  the  stress -corrosion  investigation  would  then  be  chosen 


from  these  aging  curves . 
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3.4  Equipment  and  Techniques  Used  lit  Experiments 
3.4.1  Transmission  Electron  Microscopy 

Thin  foils  for  transmission  electron  microscopy  were  prepared  by  employ¬ 
ing  either  a  "window"  technique^)  or  a  jet-polishing  technique^) .  These 
electropolishing  techniques  have  been  widely  used  in  the  last  few  years  and 
since  they  are  adequately  described  in  the  literatvre ,  only  a  brief  summary  of 
each  will  be  presented.  Both  techniques  employed  an  electrolyte  of  67%  metha¬ 
nol  and  33%  nitric  acid  cooled  to  -20°C.  In  both  cases  a  cell  potential  of  10 
volts  and  a  stainless  steel  cathode  were  used.  The  resulting  current  density 
was  approximately  7.2  ma/mrn^.  The  starting  material  for  the  "window”  tech¬ 
nique  was  one  inch  square  and  0.01  inches  thick.  The  center  area 
of  the  square  was  lightly  abraded  on  both  sides  and  the  edges  of  the  specimen 
were  insulated  with  Mi  'rostop.  Electropolishing  was  then  initiated  and  con¬ 
tinued  until  the  first  ho,a(s)  appeared.  The  specimen  was  removed  from  the 
electrolyte,  washed  in  methanol,  dried  and  then  insulated  around  the  periphery 
of  the  hole(s)  with  Microstop.  After  repeating  this  sequence  a  few  times,  an 
area  thin  enough  for  transmission  of  100  kV  electrons  would  be  obtained.  This 
area  would  then  be  cut  from  the  specimen,  washed  in  methanol,  dried  and  in¬ 
serted  into  the  microscope  for  observation. 

Discs  of  3.2mm  diameter  were  punched  from  material  to  be  thinned  by  jet¬ 
polishing.  The  disc  was  inserted  into  a  commercial  P.V.C.  holder  and  posi¬ 
tioned  between  two  jets  such  that  the  flow  of  the  electrolyte  would  impinge  on 


35 


the  area  of  the  specimen  not  insulated  by  the  holder.  The  specimen  was  ob¬ 
served  during  electropolishing  by  using  a  telescope  and  a  high  Intensity  lamp. 
When  a  hole  formed,  electropolishing  was  discontinued,  the  specimen  holder 
(and  specimen)  removed  from  the  cell  and  the  specimen  removed  from  the  holder. 
The  specimen  was  then  washed  in  methanol,  dried  and  ready  far  observation  In 
the  microscope. 

The  transmission  electron  microscopy  was  performed  on  a  Philips  E.M. 

200  operated  at  100  kV.  There  were  two  goals  to  the  electron  microscopy:  (1) 
the  characterization  of  specimens  given  specific  heat  treatments  with  regard  to 
grain  boundary  precipitates,  the  P.F.Z.  width  and  the  matrix  precipitates  and 
(2)  a  study  of  the  deformation  occurring  in  specific  microstructures,  viz.  those 
chosen  for  stress -corrosion  experiments,  which  lad  been  plastically  deformed. 

3.4.2  Tensile  Tasting 

The  room  temperature  tensile  properties  of  the  various  microstructures 
generated  were  determined  by  using  an  Instron  testing  machine  operated  at  a 
cross  head  speed  of  0.02  inches  per  minute.  The  specimen  configuration  used 
to  measure  tensile  properties  is  shown  in  Figure  5. 

3.4.3  Hardness  Testing 

The  room  temperature  hardness  of  the  microstructures  investigated  was 
obtained  by  using  a  Rockwell  15-T  hardness  test.  The  specimens  used  for  hard¬ 
ness  determination  were  one  hau  inch  square  and  0.040  inches  thick. 


Figure  5.  Specimen  configuration  used  in  determining  mechanical  and 
stress -corrosion  properties. 
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3.4.4  Scanning  Electron  Microscopy 

A  JSM-2  scanning  electron  microscope  was  used  to  observe  the  stress- 
corrosion  fracture  surfaces.  Specimens  whose  fracture  surfaces  were  to  be  ob¬ 
served  were  sheared  1/4  inch  from  the  surface  and  mounted  in  copper  cylinders 
as  shown  in  Figure  G.  The  specimens  were  placed  under  the  electron  beam  at 
an  angle  of  45°  to  the  beam.  The  microscope  was  operated  at  25  kV  for  this 
work. 

3.4.5  Optical  Microscopy 

The  optical  microscopy  used  in  the  investigation  was  performed  on  either 
a  Zeiss  or  a  Unitron  metallograph.  When  high  magnification  was  desired  and 
the  specimens  were  relatively  flat  (corrosion  in  absence  of  stress  experiments), 
the  Zeiss  metallograph  was  used.  However,  when  low  magnification  was  needed 
or  when  the  specimens  were  not  flat  (side  surface  deformation  and  fractography) , 
the  Unitron  metallograph  was  employed.  Slip  step  heights  were  measured  using 
a  Normarski  interferometer  attached  to  a  Reichert  metallograph.  These  step 
heights  (S.S.H.)  were  calculated  using  the  equation 

S.S.H.  =7  -  -- 
z  n 

where  X  =  0.6p,  the  wavelength  of  yellow  light  and  n  is  the  ratio  of  the  fringe 
displacement  to  the  fringe  spacing. 

3.5  Experiments  Used  in  Investigation 
3.5.1  Determination  of  Stress -Corrosion  Susceptibility 


A  3.5  wt  %  NaCl  solution  (pH  =  6.5)  was  the  corrosive  environment  used 


in  all  of  the  stress -corrosion  tests.  This  solution  was  maintained  at  30°C  and 
flowed  past  the  specimen  at  approximately  20  cm/min.  The  specimen  con¬ 
figuration  used  in  these  tests  is  shown  in  Figure  5.  The  standard  specimen 
preparation  procedure  included  degreasing  the  heat  treated  specimens  with  kero¬ 
sene  followed  by  a  rinse  of  toluene.  The  gage  lengths  of  the  specimens  were 
then  lightly  abraided  with  a  paste  of  Linde  "A"  (0.3m)  and  cotton.  Finally,  the 
specimens  were  insulated  with  Microstop  except  for  one  inch  of  the  gage  length. 
The  specimens  were  then  ready  for  stress -corrosion  testing.  The  stress-corro¬ 
sion  tests  were  of  the  continuous  immersion  type. 

There  were  two  methods  used  to  determine  the  susceptibility  of  a  micro¬ 
structure  to  stress -corrosion,  viz.  the  constant-load  and  constant -deflection 
(fixed  grip)  t^sts .  The  procedure  used  in  conducting  the  tests  was  similar  in 
both  cases.  A  prepared  specimen  would  be  inserted  into  the  glass  corrosion 
cell ,  properly  aligned  and  grippe  . .  A  load  of  5  pounds  was  then  applied  to  the 
specimen  and  the  bottom  opening  of  the  cell  was  sealed  with  Silastic  (Dow 
Coming  Silastic  -  892  RTV  adhesive/sealant) .  A  small  amount  of  the  solution 
was  placed  in  the  cell  and  when  the  seal  was  completed,  the  circulation  of  the 
solution  was  started.  Figure  7  shows,  schematically  the  details  of  the  appara¬ 
tus  employed.  When  the  test  was  of  the  constant-load  type,  the  full  load 
would  be  gently  placed  on  the  loading  pan,  the  timer  started  and  the  test  would 
proceed  until  the  specimen  fractured.  See  Figure  7  for  details.  At  the  moment 
cf  fracture,  the  timer  would  be  stopped  by  »  microswitch  in  the  timer  circuit  and 


Figure  7 .  Schematic  representation  of  apparatus  employed  In  constant 
load  stress -corrosion  testing. 
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the  time  to  failure  recorded.  The  life  time  of  a  specimen  was  considered  a  mea¬ 
sure  of  the  resistance  to  stress-corrosion. 

The  constant -deflection  experiments  were  performed  on  an  Instron  testing 
machine.  In  this  test  the  full  load  was  applied  by  moving  the  cross-head  down 
until  the  proper  load  v/as  applied.  Once  this  was  achieved,  the  crosshead  was 
stopped  and  load  relaxation  on  the  specimen  traced  as  a  function  of  test  time  on 
the  Instron  recorder.  In  both  types  of  tests ,  the  full  load  represented  70%  of 
the  0.2%  offset  yield  stress  (Y.S.  =  40  ksi.).  It  was  possible  to  determine 
both  the  time  for  the  initiation  of  a  stress -corrosion  crack  (t^)  as  well  as  the 

time  for  the  propagation  of  a  sub-critical  crack  (t  )  from  the  Instron  record. 

‘  '■  P 

3.5.2  Effect  of  Stress  on  the  Corrosion  Propensity  of  Grain  Boundaries 
An  investigation  wan  performed  to  assess: 

(1)  whether  or  not  corrosion  in  the  absence  of  stress  would  cause  a 
degradation  of  tensile  properties.  This  objective  was  achieved  by  heat  treating 
specimens  to  obtain  microstructures  identical  to  those  tested  for  stress -corro¬ 
sion  susceptibility,  preparing  the  surfaces  and  exposing  the  specimens  to  the 
corrosive  environment  in  the  absence  of  stress  for  times  equal  to  the  life  of 
similar  specimens  as  determined  in  the  stress -corrosion  study.  After  a  suitable 
exposure,  the  specimens  (two  per  microstructure)  were  removed  from  the  solu¬ 
tion,  cleaned  and  tested  on  the  Instron  machine. 

(2)  the  effect  of  stress  on  the  corrosion  propensity  of  grain  bound¬ 
aries.  In  order  to  evaluate  this  situation,  specimens  were  heat  treated  to 
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obtain  microstructures  identical  to  those  used  in  the  stress -corrosion  study. 
These  specimens  were  then  electropolished  and  separated  into  two  groups.  One 
group  was  placed  in  the  NaCl  solution,  in  the  absence  of  stress,  and  exposed 
for  times  up  to~  60%  of  the  stress -corrosion  life  of  each  particular  micro¬ 
structure.  The  specimens  from  the  second  group  were  also  exposed  for  the  same 
time  periods  except  under  a  load  representing  70%  of  the  yield  stress.  After 
suitable  exposures,  the  specimens  were  removed  from  the  solution,  rinsed  with 
distilled  water,  dried  and  examined  with  an  optical  microscope. 

3.5.3  Deformation  Study 

A  deformation  study  was  conducted  on  microstructures  identical  to  those 
tested  under  stress  -corrosion  conditions.  The  specimens  used  in  this  study 
were  plastically  strained  on  the  Instron  either  2%  or  to  failure.  Blanks  (3.2mm 
diameter)  for  thin  foil  preparation  were  taken  from  regions  either  in  the  center  of 
the  gage  length  or  adjacent  to  the  fracture .  The  thin  foils  were  prepared  from 
these  blanks  using  the  Jet-polishing  technique  described  earlier.  The  diffrac¬ 
tion  conditions  necessary  for  dislocation  observation  were  obtained  by  employ¬ 
ing  both  the  standard  Philips  single-tilt  specimen  stage  and  a  double-tilt  speci- 

*  (85) 

men  stage 

The  deformation  accompanying  a  propagating  stress -corrosion  crack  was 
also  investigated.  Specimens,  heat  treated  to  the  appropriate  miciostructures , 
were  electropolished  and  tested  in  a  manner  identical  to  that  used  for  the  con¬ 
stant-deflection  stress -corrosion  tei.  The  test  was  stopped  during  the  crack 
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propagation  stage  and  the  specimens  were  removed  from  the  Instron  machine, 
washed  with  distilled  water,  dried  and  observed  with  an  optical  microscope. 

Slip  step  heights  were  determined  from  these  specimens. 

3.5.4  Fractography 

An  investigation  of  the  fracture  surfaces  of  specimens  that  failed  by 
stress -corrosion  cracking  was  performed.  Fracture  surfaces  of  specimens  heat 
treated  to  the  various  microstructures  were  examined  using  both  the  scanning 
electron  and  the  optica)  microscope. 

3.5.5  Correlation  of  Rate  of  Work  Hardening  with  Susceptibility  to  Stress - 
Corrosion 

If  the  matrix  precipitate  were  the  most  important  microstructural  feature 
controlling  stress -corrosion,  it  seemed  likely  that  a  correlation  should  exist  be¬ 
tween  susceptibility  and  the  rate  of  work  hardening.  To  evaluate  this  possi- 

(86) 

bilityr  the  tangent  modulus'  '  fT)  was  extracted  from  stress -strain  curves  of 
microstructures  identical  to  those  tested  for  stress -corrosion  susceptibility. 

This  parameter  T  was  calculated  using  the  following  formula: 

m  _  §SL  -  a  (0.6%)  -g  (0.2%) 

Oe  e  (0.6%)  -  e  (0.2%) 

where  a  (0.6%),  a (0.2%),  e (0 . 6%)  and  e(0.2%)  are  the  true  stresses  and  strains 
evaluated  at  0.6%  and  0.2%  plastic  elongation.  The  tangent  modulus  was 
evaluated  at  small  plastic  strains  to  enhance  the  possibility  of  measuring  dis¬ 
location-precipitate  interaction  rather  than  dislocation-dislocation  interaction 


that  might  arise  at  larger  strains. 
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Results  and  Interpretations 

4,1  The  Microstructures  Chosen  for  the 
Stress -Corrosion  Investigation 

A  prjl -mlnary  transmission  electron  microscopy  investigation  of  speci¬ 
mens  given  the  three  heat  treatments  with  a  constant  final  age  of  180°C  reveal¬ 
ed  that  the  microstructures  were  very  similar  to  those  predicted  by  the  work  of 
iq  or  39  401 

Nicholson  et  al.  *  '  '  ' .  After  a  short  final  ag.ng  treatment  at  180°C, 

specimens  given  heat  treatment  1  exhibited  a  relatively  coarse,  partially  co¬ 
herent  matrix  precipitate  and  a  wide  P.F.Z.  while  specimens  given  heat  treat¬ 
ment  2  showed  a  relatively  fine,  coherent  matrix  precipitate  and  a  narrow  P.F.Z. 
Heat  treatment  3  resulted  in  specimens  having  a  narrow  P.F.Z.  and  matrix  pre¬ 
cipitates  very  similar  to  heat  treatment  1  at  distances  approximately  2p  away 
from  the  grain  boundaries . 

Although  a  complete  analysis  of  the  changes  in  microstructure  with  aging 
time  was  not  performed ,  the  general  trend  was  observed .  The  only  heat  treat¬ 
ment  that  showed  reversion  was  treatment  1 .  The  other  two  treatments  showed 
an  increase  in  strength  during  the  first  stage  of  final  aging  at  180°C .  In 
general,  as  the  time  of  aging  increased  both  the  grain  boundary  and  matrix  pre¬ 
cipitate  coarsened.  At  short  aging  times,  the  precipitates  of  structure  2  were  al¬ 
most  completely  coherent  and  lost  coherency  with  the  matrix  as  aging  progress¬ 
ed,  There  was  some  coherency  present  even  in  slightly  overaged  specimens. 

The  matrix  precipitate  in  structures  1  and  3  meanwhile,  were  semi-coherent  at 
the  earliest  stag>  *  of  aging  and  gradually  lost  coherency  as  aging  progressed. 
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Again  there  was  some  evidence  of  coherency  strains  in  slightly  overaged  mater- 

(8  26  40  48) 

ial.  In  agreement  with  the  observations  of  other  investigators'  '  *  *  the 

width  of  the  P.F.Z.  was  independent  of  aging  time. 

It  was  evident  from  the  transmission  micrographs  that  the  prec4pitation  in 

this  alloy  is  extremely  complex.  If  one  were  to  compare  a  microstructure  of  the 

Al-Zn-Mg  system  to  a  mere  conventional  microstructure  viz.  Al~Cu,  one  would 

immediately  notice  from  both  the  light  field  micrographs  and  diffraction  patterns 

that  the  precipitates  in  Al-Cu  have  a  simple  morphology  and  a  simple  orienta- 

(33) 

tion  with  the  matrix  while  the  precipitates  in  the  Al-Zn-Mg  alloy  exhibited 

many  morphologies  and  orientations  with  the  matrix. 

(17) 

Although  the  work  of  Thackery  has  shown  that  the  T|  precipitate  can 

have  six  different  orientation  relationships  with  the  matrix  and  that  a  previously 

unreported  phase  was  noticed  (X  -  phase) ,  he  did  not  find  the  transition  T|/  phase 

present  in  his  study.  There  was  direct  evidence  of  the  existence  of  I)7  after 

heat  treatment  1.  The  measured  d-spacings  and  corresponding  lattice  parame- 

(13) 

ters  were  nearly  identical  to  those  of  Mondolfo  et  al.  for  this  V  phase. 

The  progress  of  cging  at  180°C  of  specimens  given  heat  treatment  1  was 
first  determined  from  hardness  data  (Figure  8).  Unfortunately,  the  hardness 
response  to  changes  in  microstructure  with  aging  time  was  not  very  informative . 

The  changes  in  tensile  properties  with  fina’  aging  time  at  180®C  are 
shown  for  the  three  heat  treatments  in  Figures  9  and  10.  Figure  9  was  ta<cen  as 
the  true  response  to  aging  at  180°C. 


HARDNESS,  ROCKWELL  15-T 


AGING  TIME  AT  l80*C,min. 


Figure  9.  Yield  stress  (0.2%  offset)  versus  final  aging  time  at  180°C. 
Microstructures  chosen  for  stress -corrosion  investigation  are  shown  by 
arrows . 
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It  sfiems  clear  that  classical  age  hardening  behavior  occurs  during  each 
heat  treatment,  indicating  a  change  in  the  size,  shape  and  degree  of  coherency 
of  the  matrix  precipitate  with  aging  time.  The  highest  maximum  strength  of 
SDecimens  given  heat  treatment  2  undoubtedly  lesults  from  the  comparitively 
fine  matrix  precipitate  present  ii  that  structure.  The  strengths  of  specimens 
given  heat  treatments  1  and  3  are  similar,  considering  the  extra  ?0  minute  ago 
initially  used  in  treatment  3,  and  in  the  overaged  state  all  three  treatments  re¬ 
sulted  m  similar  strengtus  indicating  that  the  strength  in  this  case  is  apparently 
independent  of  initial  heat  treating  conditions . 

The  microstruct’ires  chosen  for  the  stress  -oorros ion  experiments  were 
those  that  had  the  common  yield  stress  of  40  ksi.  The  reasons  for  choosing 
these  microstructures  were  to  prevent  the  testing  of  various  microstructures  un¬ 
der  differing  loads  and  also  to  pevrr.it  the  testing  of  six  different  microstructures 
with  an  underaged  and  an  overaged  condition  for  each  of  the  three  heat  treat¬ 
ments  .  These  microstructures  are  marked  by  arrows  in  Figure  9. 

Figure  11  is  a  series  of  micrographs  laken  of  specimens  subjected  to  heat 
treatments  identical  to  those  given  the  stress -corrosion  specimens.  It  should  be 
noted  that  despite  the  marked  differences  in  the  P.F.Z.  width  and  in  matrix  pre¬ 
cipitate  size,  type  and  distribution,  all  structures  had  the  same  yield  stress. 
These  observations  are  in  agreement  with  those  of  Ryum^^  who  tound  that  the 
tensile  strength  is  independent  of  variations  in  P.F.Z.  width.  The  hardness  of 
the  matrix  was  the  same  in  each  case  and  this  also  has  been  reported  in  the 


11(a)  Heat  treatment  ]  -  underaged  X60,000. 


11(d)  Heat  treatment  1  -  overaged  X60,000. 


11(0  Heat  treatment  3  -  overaged  /;.<0,000 


figure  11.  Transmission  electron  micrographs  of  micro 
structures  used  in  stress-corrosion  investigation. 


. 
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,,  (4) 

literature 

Measurements  of  the  P.F.Z.  width,  taken  as  the  sum  of  the  precipitate 
free  regions  on  both  sides  of  the  grain  boundary  are  shown  in  Table  I.  As  men¬ 
tioned  above,  the  width  of  the  P.F.Z.  changed  very  slightly,  if  at  all,  with  ag¬ 
ing  time.  This  is  to  be  expected  since,  as  explained  above,  the  formation  of  a 
P.F.Z.  is  due  to  difficulties  in  the  nucleation  rather  than  the  grrwth  of  the  ma¬ 
trix  precipitate.  Therefore,  the  only  variation  expected  in  the  P.F.Z.  width  on 

aging  above  rhe  G.P.  zone  solvus  is  a  slight  increase  due  to  the  coarsening  of 

(19) 

the  matrix  precipitate  ;  this  could  be  the  cause  of  the  slight  variation  noted 
for  heat  treatment  2. 

The  size  and  spacing  of  grain  bo  .dary  precipitates  were  measured  and 
these  results  are  also  shown  in  Table  I.  The  data  compiled  in  Table  I  were  the 
averages  of  at  least  five  different  boundaries  per  microstructure. 

An  effort  was  made  tc  measure  the  sizes  and  spacings  of  the  matrix  pre¬ 
cipitate  present  in  the  six  microstructures.  The  results  are  shown  in  Table  I. 

These  measurements  are  considered  only  approximate  since:  (1)  the  pro¬ 
per  {111}  foil  orientations  could  not  be  normally  achieved,  (2)  a  three  dimen¬ 
sional  distribution  was  being  measured  in  two  dimensions  and  (3)  the  nature  of 
the  precipitate  was  very  complex  with  many  precipitate  morphologies,  sizes 
and  orientations  present  in  many  of  the  microstructures. 
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4.2  Stress -Corrosion  Behavior 
4.2.1  Constant-Load  Tests 

The  times  to  failure,  t^,  shown  in  Table  II  are  the  average  of  at  least 
eight  tests  performed  on  each  of  the  si::  microstructures.  A  scatter  of  approxi¬ 
mately  +  25%  was  observed  in  the  failure  times  for  a  particular  structure.  The 
toilowing  points  should  be  noted: 

1.  For  each  heat  treatment,  the  underaged  samples  failed  in  times 
considerably  shorter  than  the  overaged  samples  and  yet  no  change  due  to  over¬ 
aging  was  observed  in  the  P.F.Z.  widths  of  heat  treatments  1  and  3  and  only  a 
slight  increase  of  0.02|i  was  observed  for  heat  treatment  2. 

2.  In  the  underaged  condition,  specimens  of  heat  treatment  3  failed 
in  times  on  y  slightly  less  than  those  of  heat  treatment  1  (490  mins,  against 
540  mins.)  although  there  was  a  large  difference  in  the  widths  of  the  P.F.Z.s. 

3.  In  the  underaged  condition,  specimens  of  heat  treatment  3  failed 
in  much  longer  times  than  those  of  heat  treatment  2  and  yet  there  was  only 

0 . 02|jl  difference  in  their  respective  P.F.Z.  widths. 

4.  In  the  overaged  condition,  all  microstructures  had  essentially  the 
same  susceptibility  despite  large  differences  in  the  P.F.Z.  widths. 

These  results  strongly  indicate  that  there  is  no  correlation  between  the 
width  of  the  P.F.Z.  and  susceptibility  to  stress -corrosion  cracking.  However, 
as  the  matrix  precipitate  varied  with  the  same  grain  boundary  precipitate  size 
(treatments  1  and  2  -  underaged),  the  susceptibility  decreased  by  an  order  of 


TABLE  II 


Stress -Corrosion  Behavior  of  Microstructures 
Tested  Under  Constant -Load  Conditions 

LIFE  OF  SPECIMENS 


MICROSTRUCTURE 
Held'  Treatment  Aged  State 


t^  (minutes) 


H.T.l 

Underaged 

540 

H.T.2 

Underaged 

48 

H.T.3 

Underaged 

490 

H.T.l 

Overaged 

2470 

H.T.2 

Overaged 

2440 

H.T.3 

Overaged 

2100 
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magnitude.  Furthermore,  specimens  with  smaller  grain  boundary  precipitates 
seemed  to  be  slightly  more  susceptible  than  those  with  larger  precipitates 
when  both  had  essentially  the  same  matrix  precipitate  (treatments  1  and  3  -  un¬ 
deraged)  .  The  large  decrease  in  susceptibility  caused  by  overaging  is  also 
attended  by  a  coarsening  of  both  the  grain  boundary  precipitates  as  well  as  the 
matrix  precipitates.  It  is  possible  therefore,  that  the  susceptibility  to  stress- 
corrosion  cracking  is  controlled  by  both  the  matrix  and  the  grain  boundary  pre¬ 
cipitate  with  the  experimental  evidence  indicating  that  the  matrix  precipitate  is 
the  more  important. 

4.2.2  Constant -Deflection  Test 

Under  the  conditions  of  this  test,  tlmse  distinct  stages  were  observed: 

Stage  1:  a  short  period  of  rapid  load  relaxation  during  which  the  lead  decreased 

from  70%  to ~  67%  cf  the  0.2%  proof  stress;  Stage  2:  a  long  period  during  which 

the  load  decreased  at  a  very  slow  but  constant  rate  and  Stage  3:  consisting  of 

accelerated  and  irregular  periods  cf  load  relaxation  which  ultimately  terminated 

in  failure.  Stress -corrosion  cracks  were  only  detected  at  the  beginning  of  Stage 

3  and  hence  it  is  considered  that  the  time  up  to  the  end  of  Stage  2  represents  the 

time,  t^,  for  the  initi  tion  of  a  stress -corrosion  crack  and  that  the  duration  of 

Stage  3  is  the  time  t  ,  for  crack  propagation.  Values  of  t.  and  t  ,  representing 

p  ip 

the  average  of  at  least  two  tests  are  given  in  Table  III.  It  should  be  noted  that 
the  sum  of  these  is  greater  than  t^  in  the  constant  load  test.  Table  II.  This  is  to 
be  expecteu  because  of  the  load  relaxation  under  constant-deflection  conditions. 
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These  results  indicate  that  crack  .lucleation  represents  a  considerable  fraction 
of  the  total  time  to  failure.  Furthermore,  it  is  apparent  that  the  P.F.Z.  width 
has  little  effect  on  the  time  of  initiation  or  propagation.  Both  times  increase 
considerably  due  to  overaging  and  yet  both  conditions  of  heat  treatment  2  had 
nearly  the  same  P.F.Z.  width. 

The  discontinuous  crack  propagation  during  Stage  3  appeared  to  be  asso¬ 
ciated  with  the  orientation  of  the  grain  boundaries  ahead  of  the  running  crack. 
Vis  .1  observations  revealed  that  boundaries  nearly  normal  to  the  tensile  axis 
cracked  rapidly  in  a  brittle-like  manner  while  the  boundaries  which  had  a  smal¬ 
ler  normal  Jtress  cracked  at  a  much  slower  rate.  The  terms  rapid  and  slowly  are 
used  only  in  a  comparative  sense;  the  cracking  rates  in  structure  2  -  underaged 
were  much  faster  than  for  structure  2  -  overaged ,  for  example ,  but  the  relative 
effect  of  boundary  orientation  was  the  same  in  each  structure. 

4.3  Effect  of  Stross  on  the  Corrosion  Propensity  of  Grain  Boundaries 

The  results  of  this  experiment  indicated  that  the  environmentally  induced, 
catastrophic  failure  observed  in  loaded  specimens  was  indeed  stress -corrosion 
rather  than  simply  the  mechanical  overload  of  a  cross-section  reduced  through 
corrosion.  Specimens  exposed  to  the  NaCl  solution  in  the  absence  of  stress  for 
times  equal  to  their  life  in  the  stress -corro3 ion  tests  did  not  suffer  a  degrada¬ 
tion  in  mechanical  properties. 

The  metallographic  observations  made  on  specimens  both  stressed  and  un¬ 
stressed  revealed  that  in  all  cases  there  was  general  pitting  in  the  grain 


b  _  -ag,  mm  *  m m 


TABLE  III 

Stress -Corrosion  Behavior  of  Microstructures  Tested 
Under  Constant -Deflection  Conditions 
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MICROSTRUCTURE 

INITIATION  TIME 

PROPAGATION  TIME 

Heat  Treatment 

Aged  State 

t  (minutes) 

tp  (minutes) 

H.T.I 

Underaged 

513 

>  227 

H.T.2 

Underag  ed 

50 

>  29 

H.T.2 

Overaged 

1970 

>  225 
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interiors  and  concentrated  pitting  in  the  grain  boundary  regions.  The  three  un¬ 
deraged  microstructures  were  examined  in  this  investigation  and  in  general,  all 
three  showed  relatively  similar  behavior.  In  the  absence  of  stress,  this  be¬ 
havior  included  light  general  pitting  and  a  few  lightly  attacked  boundaries  after 
short  exposures  (relative  to  the  resDective  failure  time)  and  as  the  time  in  solu¬ 
tion  increased  so  did  the  severity  of  the  general  pitting  as  well  as  the  grain 
boundary  attack.  A  marked  change  in  behavior  occurred  when  this  experiment 
was  conducted  with  the  specimen  under  stress  .  Again,  at  short  times,  there 
was  light  general  pitting  in  grain  interiors  and  f ew  grain  boundaries  attacked. 
However,  in  the  presence  of  stress  more  boundaries  were  attacked  and  the 
attack  was  more  severe.  As  the  time  of  exposure  increased,  more  boundaries 
became  attacked  and  the  severity  of  attack  increased  with  time.  Figure  12 
shows  this  behavior  for  microstructure  2  -  underajed.  Comparing  Figures  12a 
and  lib,  one  can  see  that  in  the  former  the  bottom  of  the  grain  boundary  "trench" 
is  visible  while  in  the  latter  it  is  not.  This  seems  to  indicate  that  the  presence 
of  stress  leads  to  a  greater  depth  of  grain  boundary  penetration. 

4.4  Deformation  Study 

Typical  transmission  electron  micrographs  of  specimens  which  had  oeen 
plastically  deformed  after  aging  are  shown  in  Figures  13  and  14.  It  should  be 
noted  that  there  was  little  difference  in  dislocation  arrangement  when  the  same 
initial  micro  structure  was  strained  to  either  2%  or  to  failure.  The  heterogeneous 
nature  of  the  deformation  observed  in  this  alloy  (structure  2  -  underaged)  has 


Figure  12.  Optical  micrographs  of  corrosion  occurring 
on  electropolished  surface  of  structure  2  -  underaged 
after  a  30  minute  exposure.  950X 

(a)  In  absence  of  stress. 

(b)  Stressed  to~  70%  yield  stress. 


13(a) 


13(b) 


Figure  13.  Transmission  electron  micrographs  illu¬ 
strating  heterogeneous  nature  of  dislocation  distri¬ 
bution  resulting  from  a  2%  macroscopic  strain. 

(a)  Heat  treatment  1  -  underaged  XI 4 ,000. 

(b)  Heat  treatment  2  -  underaged  X22,000. 


14(b)  Heat  treatment  2  -  underaged,  strained  to 
failure  (5%)  X22,000. 


14(a)  Heat  treatment  1  -  underaged,  strained  2% 
X22,000. 


14(c)  Heat  treatment  2  -  overaged,  strained  to 
failure  (6%)  X4 0,000. 


Figure  14.  Transmission  electron  micrographs  show¬ 
ing  variations  in  dislocation -matrix  precipitate  inter¬ 
action  in  microstructures  used  in  stress -corrosion  in¬ 
vestigation  . 
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been  noted  frequently  in  the  literature'  '  '  '  '  .  Most  of  the  dislocation 

activity  seemed  to  be  confined  to  a  few  slip  bands  (Figure  13).  The 

dislocation  density  in  these  bands  in  structure  2  -  underaged  was  very  high 

(~  10  lines/cm  )  while  regions  between  the  bands  had  a  relatively  low  den- 
7  2 

sHy  (  10  lines/cm  ). 

A  close  examination  of  these  deformation  bands  reveals  a  variation  in  the 
dislocation  arrangements  within  these  bands  which  is  related  to  the  type,  size 
and  spacing  of  matrix  precipitates  in  the  microstructure.  It  is  this  variation  in 
dislocation  arrangement  which  correlates  strongly  with  stress -corrosion  suscep¬ 
tibility.  Figure  14  shows  the  dislocation  arrangement  within  a  deformation  band 
in  microstructures  which  show  the  three  degrees  of  stress -corrosion  suscepti¬ 
bility,  viz.  extremely  susceptible  (structure  2  -  underaged),  moderately  suscep¬ 
tible  (structure  1  -  underaged)  and  relatively  unsusceptible  (structure  2  over¬ 
aged) .  The  dislocations  in  the  extremely  susceptible  structure  seemed  to  have 
sheared  the  precipitate  since  there  was  no  evidence  of  dislocation  loops  and 
bowing  between  precipitates .  This  behavior  is  expected  because  the  matrix 
precipitate  in  this  structure  appeared  to  have  a  high  degree  of  coherency  with 
the  matrix.  Since  the  slip  plane  and  Burger's  vector  would  be  continuous  in 
this  structure,  it  would  appear  possible  that  dislocations  would  be  able  to 
move  in  a  continuous  manner. 

In  the  absence  of  impenetrable  barriers  in  the  slip  plane  and  under  certain 
conditions  of  stress,  it  seems  possible  that  the  dislocations  in  »his  structure 
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would  be  able  to  glide  large  distances.  This  would  increase  the  possibility  of 
many  dislocations  in  the  slip  band  impinging  on  a  grain  boundary  (Figures  13b 

and  14b). 

In  contrast,  the  dislocations  in  the  least  susceptible  material  could  not 
deform  the  matrix  precipitate  and  a  much  different  situation  obtained  (Figure 
14c).  It  is  rather  difficult  to  clearly  observe  the  dislocations  <n  this  type  struc¬ 
ture  since  the  scale  of  the  matrix  precipitate  is  very  similar  to  the  scale  of  the 
dislocation  size  and  distribution.  Once  can  pcii  t  out,  however,  that  the  vast 
majority  of  dislocations  present  in  the  overaged  structure  were  in  the  form  of 
loops  around  the  matrix  precipitate  and  that  the  lengths  of  the  remaining  dislo¬ 
cations  were  of  the  order  of  the  precipitate  spacing.  Considering  the  relatively 
large  si^u  of  the  incoherent  matrix  precipitate  as  well  as  the  large  interparticle 
spacing,  the  dislocation  arrangement  observed  in  the  overaged  material  was 
hardly  unexpected.  In  the  presence  of  potent  barriers  to  dislocation  motion  in 

the  slip  plane,  it  seems  that  unlike  the  "freely"  moving  dislocations  in  material 

1 

susceptible  to  stress -corrosion,  the  dislocation  motion  in  overaged  material 
would  be  very  restricted  {small  slip  distances  between  barriers) .  The  result  of 
this  behavior  would  be  to  have  either  fewer  dislocations  acting  on  the  grain 
boundary  or  a  lower  stress  on  the  boundary  due  to  a  high  friction  stress .  The 
dislocation -matrix  precipitate  interaction  observed  in  moderately  susceptible 
material  (structure  1  -  underaged)  was  between  the  above  two  extremes  in  inten¬ 
sity  (Figures  J4a).  The  dislocation  lines  seemed  longer  than  those  in  the  least 
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susceptible  condition  but  much  shorter  than  those  in  the  most  susceptible  con¬ 
dition.  In  many  instances  evidence  of  strong  dislocation  -  precipitate  interac¬ 
tions  was  observed  in  the  form  of  bowed  dislocations  and  dislocation  loops 
around  precipitate  particles.  These  results  agree  well  with  the  reported  finding 
of  Holl^  and  Spiedel^  . 

Figures  13b  and  14a  show  dislocations  that  are  located  within  the  P.F.Z. 
However,  the  density  of  dislocations  in  these  regions  is  no  greater  than  in  the 
grain  interior  and  in  no  sense  can  this  be  described  as  preferential  slip  within 
the  P.F.Z. 

Extensive  amounts  of  plastic  deformation  accompanying  a  propagating 
stress -corrosion  crack  were  observed  (Figures  15  and  16) .  The  large  size  of  the 
plastic  zone  (up  to  10  grain  diameters)  was  probably  due  to  the  plane-stress 
conditions  under  which  these  specimens  were  tested.  The  slip  lines  which  ap¬ 
peared  on  the  side  surfaces  of  structure  2  -  underaged  seemed  very  straight  and 
had  a  mean  slip  step  height  of  approximately  0.2p  (Figure  15) ,  while  the  slip 
lines  in  the  overaged  structure  appeared  more  wavy  and  were  approximately 
0.05p  high  (Figure  16). 


4 . 5  Fractocraphj 


Fracture  surface  observations  support  the  well  documented  fact  that  stress- 


crrrosion  cracking  in  this  system  is  predominately  intergranular  in  nature 


(63,72) 


In  general,  all  of  the  fracture  surfaces  exhibited  regions  of  both  brittle  and  duc¬ 


tile  fracture.  Only  the  brittle  region  is  believed  to  be  caused  by 


Figure  15.  Optical  micrograph  illustrating  the  deformation  ac¬ 
companying  a  stress -corrosion  crack  in  structure  2  -  underaged » 


Figure  16.  Optical  micrograph  illustrating  the  deformation  accompanying 
a  stress -corrosion  crack  in  structure  2  -  overaged. 
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stress -corrosion  wi.ile  the  ductile  region  is  believed  to  result  from  mechanical 
overload ^ .  This  seems  reasonable  since  the  brittle  region  followed  an  inter¬ 
granular  path  while  the  ductile  region  transversed  a  trangranular  path. 

Figure  17  shows  schematically  the  differences  in  fracture  surfaces  between 
extremely  susceptible  material  (structure  2  -  underaged)  and  unsusceptible  ma¬ 
terial  (structure  2  -  overaged) .  The  region  of  brittle  fracture  of  structure  2  - 
underaged  was  planar  with  very  light  pitting  and  slip  steps  while  the  ductile 
region  showed  dimpling  characteristic  of  this  type  of  fracture.  Figure  18a  shows 
the  flat  region  of  brittle  fracture  with  a  shear  lip  at  A,  intersecting  slip  bands  at 
B ,  large  holes  at  C  and  striations  at  D.  For  clarification,  area  E  is  the  side 
surface.  Figure  19b  shows  the  dimpled  structure  mentioned  above.  The  fracto- 
graphic  observations  revealed  that  structure  2  -  underaged  (extremely  suscepti¬ 
ble)  suffered  continuous  brittle  fracture  over  perhaps  60%  of  the  grain  boundary 
region  and  continuous  ductile  fracture  over  the  remainder  (Figure  17) .  The  frac¬ 
ture  surfaces  of  structures  1  -  underaged  and  2  -  overaged  were  not  so  informa¬ 
tive  since  the  fractured  boundaries  had  been  exposed  to  the  solution  for  very 
long  times.  Nevertheless,  it  was  evident  that  structure  2  -  overaged  had  what 
appeared  to  be  both  brittle  and  ductile  regions .  Figure  17  shows  how  these  re¬ 
gions  were  located.  There  seemed  to  be  a  higher  fraction  of  ductile  region  in  the 
overaged  than  in  the  underaged  condition  of  structure  2. 

Extreme  care  as  well  as  good  Judgement  should  be  exercised  when  interpret¬ 
ing  the  fine  detail  appearing  on  stress -corrosion  fracture  surfaces.  There  are 


GRAIN  BOUNDARY 
v  TRIPLE  POINTS 


I  \  |  NECKED  REGION 


STRUCTURE  2  -  UNDERAGED 
CRACK  PROPAGATION  DIRECTION 


STRUCTURE  2-  OVERAGED 

DENOTES  INITIATION  SITES 
I  1  DENOTES  STRESS-CORROSION  REGION 
mm  DENOTES  MECHANICAL  FRACTURE  REGION 


Figure  17.  Schematic  representation  of  fracture  surface  appearance 


Figure  18.  Scanning  electron  micrographs  of  stress -corrosion 
fracture  surface  of  structure  2  -  underaged. 

(a)  Region  of  stress -corrosion  fracture  X300. 

(b)  Region  of  ductile  fracture  XI 000. 
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two  (at  least)  obvious  reasons  for  caution.  The  first  Is  that,  in  general,  there 
were  many  fine  features  on  ?!1  of  the  fracture  surfaces  examined  and  therefore 
one  could  find  nearly  anything  one  wished.  A  good  example  of  this  is  Figure  18a 
where  in  one  area  of  one  grain  boundary  evidence  can  be  found  to  support  three 
different  mechenisms  proposed  for  stress -corrosion  cracking,  viz.  large 
holes striations^'^  and  slip  bands .  The  other  reason  for  caution  is 
the  after-the-fact  corrosion  of  the  fractured  boundaries.  Consider  a  portion  of 
the  grain  boundary  which  suffers  stress-corrosion  cracking.  This  portion  of  the 
fractured  boundary  would  be  exposed  to  the  environment  for  the  remainder  of  the 
test  after  which  it  would  be  removed  from  the  corrosion  cell.  It  should  be  clear 
that  the  longer  the  life  otthe  specimen,  the  less  informative  will  be  the  fracture 
surface. 

The  conclusions  arising  from  this  fractography  work  have  been  made  in 
light  oi  the  problems  outlined  above.  Despite  these  shortcomings,  a  few  valu¬ 
able  observations  could  be  made.  There  was  a  distinct  difference  in  fracture 
surface  appearance  between  very  susceptible  and  unsusceptible  material.  The 
susceptible  material  had  a  larger  portion  of  brittle  fracture  than  did  unsuscep¬ 
tible  material.  The  fine  detail  in  the  brittle  region  of  the  susceptible  material 
forces  one  to  assume  that  crack  propagation  is  predominately  mechanical  in 
nature:  (1)  there  is  no  evidence  of  heavy  pitting  in  spite  of  the  after-the-fact 
corrosion,  (2)  slip  bands  that,  prior  to  cracking,  had  been  pushing  on  the  grain 
boundary  are  present  giving  a  relief  effect  and  (3)  there  i$  much  evidence 
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(general  lack  of  fine  detail  and  constant -deflection  test  results)  to  support  a 
mechanism  whereby  an  entire  grain  boundary  ruptures  with  a  high  crack  velocity, 
in  a  manner  similar  to  cleavage . 

In  the  case  of  unsusceptible  material,  nothing  can  be  said  about  the  fine 
detail  on  the  brittle  fracture  surfaces  because  of  the  large  amount  of  intense 
pitting  that  has  occurred. 

4.6  Correlation  of  Rate  of  Work  Hardening 
with  Stress -Corrosion  Susceptibility 

The  relationship  between  stress -corrosion  behavior  and  the  tangent 
modulus  of  each  of  the  six  microstructures  is  shown  in  Table  IV.  These  data 
indicate  that  as  the  rate  of  work  hardening  (tangent  modulus)  decreased,  the 
susceptibility  to  stress -corrosion  also  decreased. 

One  interesting  and  suprising  fact  emerged  from  this  work ,  vis .  that  the 
microstructure  containing  nearly  coherent  matrix  precipitates  had  a  higher  rate 
of  work  hardening  than  microstructures  containing  large,  incoherent  matrix  pre¬ 
cipitates  . 

The  correlation  between  susceptibility  and  rate  of  work  hardening  is  not 
considered  fortuitous.  If  the  matrix  precipitate  were  to  control  the  suscepti¬ 
bility  t.o  stress -corrosion  through  its  effect  on  the  dislocation  behavior,  it  ap¬ 
pears  plausible  that  the  matrir.  precipitate  might  also  effect  the  rate  of  work 
hardening,  again,  through  its  effect  on  the  dislocation  behavior. 
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TABLE  IV 

Correlation  of  Tangent  Modulus  (T)  ana  Stress -Corrosion 
Susceptibility  for  Micros *xuctures  Investigated 


MICROSTRUCTURE 
Heat  Treatment  Aged  State 


TANGENT  MODULUS 
-T5 

(xlO  psi) _ 


SUSCEPTIBILITY 

(minutes) 


H.T.l 

Underaged 

3.75 

540 

H.T.2 

Underaged 

4.41 

48 

H.T.3 

Underaged 

3.78 

490 

H.T.l 

Overaged 

2.97 

2470 

H.T.2 

Overaged 

2.66 

2440 

H.T.3 

Overaged 

2.38 

2100 

Discussion 


5.1  P.F.Z.  Hypothesis  In  the  Stress -Corrosion 
Cracking  of  Al-Zn-Mq  Alloys 

(44)  (89) 

Tho  P.F.Z.  hypothesis  began  when  Gelsler  and  later  Varley  et  al. 
postulated  that  the  tensile  brittleness  frequently  observed  in  relatively  concen¬ 
trated  Al-Zn-Mg  alloys  was  due  to  the  presence  of  P.F.Z.s.  This  unconfirmed 
postulate  was  directly  responsible  for  the  P.F.Z.  hypothesis  in  stress-corro¬ 
sion.  As  described  earlier,  the  P.F.Z.  theory^'^'^  is  based  on  the  following 
assumptions: 

(1)  A  susceptible  microstructure  (only)  must  have  a  P.F.Z. 

(!’,)  Upon  the  application  of  a  stress,  preferential  plastic  deforma¬ 


tion  will  occur  in  the  P.F.Z,  because  it  has  a  lower  flow  stress  than  does  the 


matrix. 

(3)  Preferential  corrosive  attack  occurs  in  those  regions  where  pre¬ 
ferential  plastic  flow  has  taken  place  (viz.  in  the  P.F.Z.). 

There  exists  much  experimental  information,  including  that  of  the  pre¬ 
sent  investigation,  which  simply  refutes  these  basic  assumptions.  For  ex¬ 
ample,  the  overaged  structures  in  the  present  investigation  all  proved  relatively 
unsusceptible  even  though  they  had  not  only  P.F.Z.s  present  but  also  P.F.Z.s 
of  differing  widths .  It  is  strongly  believed  that  if  the  overaged  structures  had 
been  aged  for  even  longer  times,  the  susceptibility  would  have  been  further  re¬ 
duced  regardless  of  the  presence  or  width  of  the  P.F.Z. 

Regarding  assumption  (2)  it  should  be  noted  that  no  one,  including  the 


advocates  of  the  P.F.Z.,  has  ever  shown  conclusive,  direct  evidence  of  pre¬ 
ferential  slip  in  the  P.F.Z. 

Assumption  (3)  has  been  shown  to  be  partially  correct.  Preferential  cor¬ 
rosive  attack  did  indeed  occur  in  regions  where  preferential  plastic  deformation 
had  taken  place.  These  regions  were  the  slip  bands  across  the  grains  that  in¬ 
tersected  the  free  surface,  however,  and  not  along  the  boundary. 

In  light  of  the  discrepancies  mentioned  above,  a  few  remarks  concerning 

the  latest  P.F.Z.  work  might  be  informative.  As  mentioned  earlier,  Sedriks  et 

(4) 

al.  have  reported  that  a  decrease  in  the  P.F.Z.  width  caused  an  increase  in 
susceptibility  to  stress -corrosion.  These  authors  varied  the  P.F.Z.  width  by 
using  different  aging  temperatures  immediately  after  quenching  to  room  tempera¬ 
ture.  They  have  also  stated  that  the  matrix  precipitate  appeared  similar  in  all 
of  their  microstructures.  However,  due  to  the  relationship  existing  between  the 
P.F.Z.  width  and  the  matrix  precipitate  it  is  very  unlikely  that  the  matrix  pre¬ 
cipitate  would  be  similar  and  this  suspicion  can  be  readily  confirmed  by  observ¬ 
ing  their  published  and  unpublished  micrographs.  It  should  be  noted  that  with 
the  type  of  heat  treatment  employed  by  these  authors,  in  general,  high  tempera¬ 
ture  aging  will  result  in  both  wide  P.F.Z.s  and  coarse  matrix  precipitates  while 
low  temperature  aging  will  result  in  both  narrow  P.F.Z.s  and  fine  matrix  precipi¬ 
tates.  It  appears  very  possible  that  the  high  degree  of  susceptibility  noted  for 
the  specimens  aged  at  the  lowest  temperature  was  not  due  to  the  narrow  P.F.Z. 
but  rather  resulted  from  the  details  of  the  matrix  precipitate. 
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(69) 

Thomas'  1  has  performed  experiments  which,  he  contends,  show  that 
specimens  withP.F.Z.s  are  more  susceptible  than  spacimens  without  these 
zones.  He  compared  the  susceptibilities  of  quenched  and  aged  (type  II)  speci¬ 
mens  and  specimens  that  had  plastic  deformation  introduced  during  an  interrup¬ 
tion  of  the  age.  The  specimens  that  had  been  plastically  deformed  were  less 
susceptible  than  the  undeformed  specimens  and  the  susceptibility  decreased 
with  Increasing  amounts  of  plastic  deformation.  Thomas  has  suggested 
that  the  decrease  in  susceptibility  was  probably  due  to  the  plastic  deformation 

being  concentrated  in  the  P.F.Z.  which  would  allow  precipitation  to  take  place 

(3) 

and  thereby  eliminate  the  P.F.Z.  McEvily  et  al.  later  used  a  treatment 
similar  to  that  of  Thomas  and  showed  that  the  plastic  deformation  introduced 
diiring  interrupted  aging  caused  a  Jogging  of  the  grain  boundaries  probably  due 
to  partial  recrystallization  870°K,  Tage~  420°K  and  50%  strain).  The 

matrix  precipitate  in  the  specimens  that  had  an  interrupted  age  consisted  of 
both  V  and  G.P.  zones  while  only  G.P.  zones  weie  present  after  the  standard 
heat  treatment.  It  is  impossible  to  cell  from  ti:e  published  micrographs  whether 
or  not  the  P.F.Z. s  were  eliminated  by  the  interrupted  aging  treatment.  One 
must  note  that  although  this  treatment  may  have  reduced  or  eliminated  the 
P.F.Z. ,  there  were  other  microstructural  changes  also  occurring  and  it  is  not  at 
all  clear  that  the  increase  in  stress -corrosion  resistance  should  be  attributed 
only  to  the  changes  in  the  P.F.Z. 

Another  experimental  observation  which  discredits  the  P.F.Z.  hypothesis 
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is  that  P.F.Z.s  have  been  shown  to  exist  in  single  crystals  (at  low  angle  bound- 

aries)  but  these  crystals  have  an  extremely  high  If  not  total  resistance  to 

.  (22) 

stres  s -corros  ion 

It  should  be  clear  at  this  point  that  the  whole  P.F.Z.  hypothesis  is,  at 
best,  very  questionable.  There  is  little  doubt  that  the  P.F.Z.  can  (and  probably 
does)  take  part  in  stress -corrosion  but  it  seems  very  unlikely,  in  light  of  much 
negative  experimental  evidence,  that  either  the  P.F.Z.  itself  or  variations  in  its 
width  control  the  susceptibility  to  stress -corrosion. 

5.2  Grain  Boundary  Precipitate  Hypothesis  in  the 
Stress  Corrosion  Cracking  of  Al-Zn-Mg  Alloys 

(75  7  6  90) 

Another  group  of  investigators'  '  '  '  suggests  that  stress -corros  ion  is 

(76) 

controlled  by  the  grain  boundary  precipitates.  As  mentioned  earlier,  Kent' 
showed  that  microstructures  with  larger  grain  boundary  precipitates  proved  less 
susceptible  than  those  with  finer  grain  boundary  precipitates.  These  precipi¬ 
tates  in  Kent's  experiments  were  varied  by  changing  the  quenching  rate.  These 
quenching  treatments  were  followed  by  aging  treatments  which  were  designed  to 
minimize  differences  in  the  matrix  precipitate.  Unfortunately,  Kent's  treatments 
did  result  in  slight  variations  in  the  matrix  precipitate  and  this  variation  can  be 
seen  in  his  published  micrographs.  The  results  of  the  present  investigation 
support  the  contention  that  variations  in  grain  boundary  precipitates  can  possi¬ 
bly  have  an  effect  in  stress -corrosion  behavior.  Microstructures  having  dif¬ 
ferent  sizes  and  spacings  of  grain  boundary  precipitates  but  similar  matrix  pre¬ 
cipitate  did  have  slightly  different  degrees  of  susceptibility.  In  agreement 
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with  Kent's  observations,  the  microstructure  having  the  larger,  more  widely 
spaced  grain  boundary  precipitate  (structure  1  -  underaged  versus  structure  3  - 
underaged)  were  the  more  resistant  to  stress -corrosion.  This  correlation  be¬ 
tween  grain  boundary  precipitates  and  susceptibility  does  .ot  appear  to  exist 
in  the  overaged  microstructures.  There  are  two  possible  explanations  for  this 
inconsistency: 

(1)  Perhaps  there  really  isn't  a  relationship  between  susceptibility 
and  grain  boundary  precipiates .  This  could  be  true  since  the  matrix  precipitate 
in  the  two  structures  (1  and  3  -  rnderaged)  are  similar  but  not  identical.  Per¬ 
haps  the  almost  insignificant  difference  in  their  susceptibility  (540  versus  490 
minutes)  is  merely  a  reflection  of  the  very  slight  difference  in  the  matrix  pre¬ 
cipitate  rather  than  being  due  to  a  larger  difference  in  grain  boundary  precipi¬ 
tate.  If  this  were  true,  it  would  also  indicate  that  Kent's  results  are  due  to  dif¬ 
ferences  in  the  matrix  precipitate  and  not  to  differences  in  grain  boundary  pre¬ 
cipitate. 

(2)  Susceptibility  may  depend  on  both  the  grain  boundary  and  matrix 
precipitate.  For  example,  both  precipitates  can,  perhaps,  contribute  to  suscep¬ 
tibility  in  the  underaged  condition  while  in  the  overaged  condition  the  role  of 
the  matrix  precipitate  is  dominant. 
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5.3  Matrix  Precipitate  Hypothesis  in  the 
Stress -Corrosion  Cracking  of  Al-Zn-Mg  Alloys 

t 

The  third  group  of  investigators  favors  the  matrix  precipitate  as  controlling 
(5  6  78  79) 

susceptibility'  '  '  '  .  These  investigators  have  shown  that  there  is  a 

strong  correlation  between  sus  eptibility  and  the  type ,  size  and  distribution  of 

(5  6  80) 

matrix  precipitates.  Some  of  these  workers'  '  '  '  have  gone  into  more  detail 

and  explained  that  the  correlation  exists  because  of  the  effect  of  the  matrix  pre¬ 
cipitate  on  dislocation  behavior. 

The  results  of  the  present  investigation  appear  to  clearly  support  the  con¬ 
clusion  of  this  last  group,  viz.  that  the  matrix  precipitate  seems  to  be  the  metal¬ 
lurgical  feature  which  controls  susceptibility.  The  microstructures  tested  in  the 
present  investigation  exhibited  three  degrees  of  susceptibility;  each  degree  cor¬ 
responding  to  a  different  size,  spacing  and  degree  of  coherency  of  the  matrix 
precipitate.  The  deformation  characteristics  observed  in  the  specimens  of  vary¬ 
ing  degrees  of  susceptibility  were  also  different  indicating  that  susceptibility 
does  correlate  with  the  details  of  the  deformation  process  occurring  within  the 
matrix.  This  deformation  is,  of  course,  controlled  by  the  matrix  precipitate. 

An  understanding  of  the  effect  of  microstructure  on  deformation  is  therefore 
necessary  at  this  point.  In  particular,  it  would  be  advantageous  to  know  how 
the  matrix  precipitate  affects  the  heterogeneity  of  the  deformation. 
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5,4  Effect  of  Matrix  Precipitate  on  Deformation 

The  response  to  aging  of  aluminum  alloy  single  and  polycrystals  has  been 

explained  in  terms  of  the  matrix  precipitates  which  are  present  in  the  various 

stages  of  aging.  In  general,  the  initial  increase  in  strength  from  the  as -quenched 

to  Just  prior  to  maximum  strength  has  been  attributed  to  the  formation  and  growth 

of  G.P.  zones.  There  is  strong  (both  direct  and  indirect)  evidence  that  these 

(22  91-94) 

zones  can  be  sheared  by  dislocations  '  .  As  these  zones  coarsen  in 

underaged  Al-Zn-Mg  (type  II  microstructure) ,  the  barrier  to  dislocation  motion 

also  increases  and  there  is  an  increase  in  strength.  As  the  peak  strength  is 

approached,  T)/  begins  to  form  and  this  precipitate  has  been  shown  to  be  sheared 

(22  94) 

by  dislocations  at  least  in  the  initial  stages  of  its  existence  '  .  The 

(94—96)  ,(97) 

transition  phases  in  Al-Cuv  ”  '  and  Al-Ag  v  '  have  also  been  shown  to  be 

(22) 

sheared  by  dislocations .  Statham  has  shown  that  the  peak  strength  (type  II 

microetructures)  obtains  in  Al-Zn-Mg  single  crystals  when  the  1)'  can  no  longer 

be  sheared  by  dislocations.  As  aging  progresses,  the  V  gives  way  to  T)  and 

overaging  begins.  This  T\  p.iase  does  not  appear  to  be  deformed  by  disloca- 
(22  94) 

tions  '  .It  seems  clear  that  at  and  beyond  peak  strength,  yielding  occurs 
(98) 

by  the  Orowan  '  mechanism  and  that  the  strength  falls  during  overaging  due  to 

(22) 

the  larger  size  and  spacing  of  precipitates  .  These  observations  regarding 
dislocation -^precipitate  interactions  have  been  confirmed  in  the  present  inves¬ 
tigation. 

The  heterogeneous  nature  of  the  deformation  similar  to  that  observed  in 
the  present  investigation  (especially  in  the  most  susceptible  material)  was 


66 


(99) 

investigated  by  Thomas  and  Nutting  .  They  studied  the  deformation  charac- 

(99) 

teristics  of  A1  as  well  as  solid  solutions  of  Al-Cu,  Al-Mg  and  Al-Ag.  Their 

results  showed  that  in  A1  and  Al-Ag  deformation  was  accommodated  by  slip 

band  broadening  through  the  addition  of  slip  lamellae  to  existing  bands.  With 

Al-Cu  and  Al-Mg,  however,  deformation  was  accommodated  by  the  formation  of 

new  bands.  These  results  indicate  that  the  deformation  in  Al-Cu  and  Al-Mg  is 

more  heterogeneous  than  in  A1  and  Al-Ag.  Thomas  and  Nutting  suggest  that  the 

explanation  for  this  behavior  lies  in  the  fact  that  both  Cu  and  Mg  distort  the  A1 

matrix  while  Ag  does  not^^  .  After  reviewing  the  various  mechanisms  proposed 

by  Brown^^,  Cottrell^  ^  ,  Fisher  et  al.^^,  Orowan^^,  Kuhlman-Wilsdorf 

et  al.^105^  and  Diehl  et  al/10^  explaining  the  formation  and  spacing  of  slip 

(99) 

bands,  Thomas  and  Nutting  note  that  the  mechanism  proposed  by  Diehl  et 
al .  (106)  appeare(j  to  be  best  able  to  explain  their  observations.  This  model^^ 
assumes  that  dislocations  are  produced  at  some  source  until  an  interaction  stress 
is  high  enough  to  force  one  of  the  dislocations  on  the  original  slip  plane  to  form 
a  loop  along  another  (intersecting)  slip  plane  on  which  the  resolved  shear  stress 
is  low.  This  loop  will  eventually  act  as  another  source  on  a  slip  plane  parallel 
to  the  original  plane.  This  process  would  continue  thereby  producing  laminated 
slip  bands.  This  model,  however,  does  not  explain  the  well  documented  fact^1^ 
that  the  slip  bands  themselves  are  so  uniformly  spaced.  It  appears  as  though 
the  combination  of  the  models  of  Diehl  et  al.^^  along  with  that  of  either 
Orowan^*^  or  Kuhlman-Wilsdorf  et  al.^^  is  necessary  to  more  completely 
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explain  experimental  observations.  In  principle,  Orowan^^  and  Kuhlman- 
Wllsdorf  et  al.^^  suggest  the  same  model  viz.  that  the  operation  of  a  source 
will  preclude  the  operation  of  other  sources  within  a  certain  distance  of  the 
original  source  by  either  stress  cancelling or  dislocation  annihilation^  ^ . 

The  deformation  of  a  polycrystalline  solid  solution  can  now  be  outlined. 
Deformation  begins  by  the  activation  of  (say)  one  source.  As  deformation  con¬ 
tinues,  the  dislocations  first  emitted  by  the  source  eventually  encounter  an  ob¬ 
stacle  such  as  a  grain  boundary  and  a  back  stress  on  the  slip  plane  builds  up 
until  the  source  can  no  longer  operate.  At  this  point,  one  of  the  dislocations 
leaves  the  slip  plane  by  either  duplex  slip  or  cross  slip.  After  this  dislocation 
has  moved  a  distance  greater  than  required  distance  (as  given  by  Orowan^104^  or 
Kuhlman-Wilsdorf  et  al.^105\  it  will  act  as  a  new  source  on  a  plane  parallel  to 

the  original.  This  process  would  then  continue  accommodating  all  of  the  strain 

(99) 

in  these  slip  bands.  Thomas  and  Nutting  have  shown  that  these  bands  can 

be  made  up  of  few  lamellae  (Al-Mg  and  Al-Cu)  or  many  lamellae  (A1  and  Al-Ag) 

depending  on  the  solute  atom.  The  step  heights  were  much  higher  for  the  Al-Mg 

and  Al-Cu  and  increased  with  Increasing  solute  concentration.  For  example,  at 

the  same  total  strain,  the  step  height  increased  from  580  to  1350$  as  the  Mg 

content  Increased  from  1  to  7%  while  the  step  height  for  Al-Ag  was  70$  and  was 

(99)  (99) 

Independent  of  Ag  content  .  Thomas  and  Nutting  also  found  that  Mg  and 

(99) 

Cu  also  retarded  duplex  slip  while  Ag  did  not.  These  authors  conclude  that 
solute  atoms  which  distort  the  solvent  lattice  tend  to  kee{5  dislocations  on  their 
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original  slip  plane.  It  should  be  clear  at  this  point  that  in  this  case  both  the 
nature  and  concentration  of  solute  atoms  can  have  a  strong  effect  on  the  degree 
of  heterogeneity  of  the  deformation  process. 

In  summary,  the  deformation  of  polycrystalline  aluminum  alloy  solid 
solutions  can  be  roughly  divided  into  two  classifications.  When  cross  slip  or 
duplex  slip  is  easy,  the  deformation  will  be  accommodated  by  the  lateral  growth 
of  slip  bands  (by  the  addition  of  slip  lamellae).  This  situation  will  result  in 
relatively  fine  slip  band  characteristics  .  When  cross  slip  or  duplex  slip  is 
impeded,  the  deformation  will  be  accommodated  by  the  formation  of  new  slip 
bands  well  removed  from  the  original  and  this  type  behavior  will  result  in  rela¬ 
tively  coarse  slip  band  characteristics. 

Concerning  the  present  investigation,  it  is  entirely  possible  that  varia¬ 
tions  in  the  matrix  precipitate  can  also  have  a  strong  influence  on  the  degree  of 
heterogeneity  of  deformation.  In  order  to  explain  the  deformation  occurring  in 
both  the  microstructures  used  in  the  present  investigation  and  those  used  to 
generate  Figure  3,  it  will  be  assumed  that  microstructure  2  -  underaged  (G.P. 
zones)  would  be  representative  of  a  structure  near  the  maximum  of  susceptibility 
in  Figure  3,  structures  1  and  3  -  underaged  would  be  representative  of  a  slightly 
overaged  structure  in  Figure  3  and  the  overaged  structures  (1 ,  2  and  3)  would  be 

representative  of  an  overaged  structure  in  Figure  3. 

(22) 

Statham  has  observed  the  slip  lines  of  screw  dislocations  at  many 
points  on  the  hardness  curve  of  Figure  3.  This  work,  performed  using  single 


crystals  of  Al-Zn-Mg,  has  shown  that  as  aging  progresses  from  the  as-quenched 
condition  to  Just  before  peak  strength  is  reached  (in  the  region  where  G.P. 
zones  are  the  major  strengthening  phase),  the  traces  of  screw  dislocations 
change  from  being  wavy  to  being  very  straight.  It  is  interesting  to  note  that 
these  straight#  intense  slip  lines  (indicative  of  little  cross  slip)  occur  in  micro- 
structures  very  close  to  those  where  tne  maximum  of  susceptibility  exists  and 
also  at  the  point  where  T)7  is  about  to  form.  As  aging  progresses,  the  slip  lines 
stay  relatively  straight  but  become  broader  and  much  less  intense.  One  possible 
explanation  of  these  observations  is  that  as  aging  progresses  from  the  as- 
quenched  condition  to  the  point  just  before  T)'  forms  (or  becomes  significant) 

G.P.  zones  form  and  grow.  It  has  been  suggested^7)  that  one  of  the  major 
strengthening  effects  of  G.P.  zones  is  stacking  fault  strengthening.  Since  this 
strengthening  mechanism  depends  on  both  the  size  of  the  zone  as  well  as  the 
difference  in  stacking  fault  energy  between  the  zone  and  the  matrix,  it  is  en¬ 
tirely  possible  that  this  could  account  for  the  noted  increase  in  strength  with 
increase  in  size  of  G.P.  zones.  The  increase  in  strength  resulting  from  the  in¬ 
crease  in  G.P.  zone  size  as  aging  progresses  is  likely  due  to  two  factors.  The 
first  Is  that  Hirsch  and  Kelly^1^  have  shown  that  the  flow  stress  should  in¬ 
crease  with  the  zone  radius  (1/2  power)  and  the  second  is  that  as  aging  pro¬ 
gresses,  it  is  very  likely  that  the  composition  within  the  G.P.  zone  would  be¬ 
come  more  concentrated  with  solute  atoms.  Hirsch  and  Kelly note  that  the 
addition  of  solute  to  many  close  packed  solid  solutions  lowers  the  stacking 
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fault  energy.  They^1^  say  that  this  has  been  verified  for  many  aluminum 
alloys,  viz.  Al-Zn  and  Al-Ag.  Hirsch  and  Kelly  further  contend  that  if  a 
partial  dislocation  transforms  the  fee  G.P.  zone  to  an  hep  structure  on  the  slip 
plane,  and  if  the  hep  structure  Is  thermodynamically  more  stable  than  the  fee 
structure,  then  one  might  expect  the  stacking  fault  energy  within  the  G.P. 
zones  tc  be  negative.  It  can  be  concluded  from  these  arguments  that  it  is  pos¬ 
sible  that  the  stacking  fault  energy  within  the  G.P.  zones  decreases  as  aging 
progresses  and  thereby  increases  the  difference  in  stacking  fault  energy  between 
the  solute  depleted  matrix  and  the  G.P.  zones. 

Consider  the  deformation  of  two  specimens,  one  having  very  small  G.P. 
zones  and  the  other  having  G.P.  zones  of  maximum  size.  Each  might  begin  to 
deform  by  having  one  source  operating  and  as  deformation  continues  the  back 
stress  on  this  slip  plane  would  be  increasing.  The  specimen  with  the  smaller 
G.P.  zones  would  have  not  only  a  lower  yield  stress  but  also  a  lower  barrier  to 
cross  slip  (smaller  size  of  zone  and  difference  in  stacking  fault  energy) .  At 
some  point  it  perhaps  would  be  more  energetically  feasible  for  dislocations  to 
cross  slip  in  the  specimen  with  the  smaller  zones  than  to  resist  the  back  stress 
on  the  original  slip  plane.  Since  the  barriers  to  both  cross  and  primary  slip 
would  be  expected  to  be  much  higher  in  the  specimen  with  the  larger  zones,  the 
original  source  might  be  expected  to  operate  for  a  longer  time  and  thereby  add 
more  dislocations  onto  the  original  slip  plane.  Further  deformation  (once  the 
source  on  the  primary  plane  in  each  specimen  has  stopped  operating)  might  be 
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expected  to  occur  in  different  ways.  First,  the  operation  of  a  new  source  would 
be  expected  at  different  distances  from  the  original  plane.  In  general,  the  more 
dislocations  on  the  original  plane  the  greater  the  distance  away  from  the  original 
plane  must  be  in  order  for  a  new  source  to  become  activated^ ^  » ^5)  ^  sources 
would  be  expected  to  operate  closer  to  the  original  in  the  specimen  with  the 
smaller  G.P.  zones.  Second,  the  mechanism  of  accommodating  additional  de¬ 
formation  should  be  different  in  the  two  specimens.  In  the  specimen  with  the 
smaller  zones,  the  new  source  would  probably  be  a  screw  dislocation  that  had 
cross  slipped  from  the  original  plane.  In  the  specimen  with  the  larger  zones 
some  other  pre-existing  source  located  at  the  proper  distance  from  the  original 
plane  would  probably  become  activated.  The  final  result  of  these  processes 

would  be  fine,  wavy  slip  lines  of  low  intensity  (resulting  from  slip  band  broaden- 

(99) 

lng  as  observed  by  Thomas  and  Nutting  )  in  the  specimen  with  small  G.P. 
zones  and  coarse,  straight  slip  bands  of  high  intensity  (resulting  from  the  for¬ 
mation  of  new  bands)  in  the  specimen  having  the  larger  G.P.  zones.  It  should 

(22) 

be  emphasized  again  that  this  behavior  has  indeed  been  observed 

It  appears  that  the  maximum  susceptibility  in  Figure  3  occurs  in  micro- 

structures  Just  before  T]'  begins  to  form.  The  deformation  behavior  between  the 

maximum  of  susceptibility  and  the  maximum  of  hardness  can  be  explained  on  the 

basis  that  both  G.P.  zones  and  small  T)'  precipitates  are  present  in  these  micro- 

(22) 

structures  and  both  phases  appear  to  be  deformed  by  dislocations  .  However, 
as  the  is  deformed# interface  dislocations  are  produced  around  the  because 


of  the  difference  in  Burgers  vectors  in  the  solid  solution  and  T)'.  This  results 
in  work  hardening  on  the  slip  plane  and  when  added  to  the  effects  of  having 
fewer  G.P.  zones  present  because  of  the  presence  of  the  T*  and  having  a  lower 
solute  content  in  the  matrix#  limited  amounts  of  cross  slip  might  be  expected. 
One  would  then  expect  more  cross  slip  and  lower  step  heights  as  aging  time  in¬ 
creased  from  the  maximum  of  susceptibility  to  the  maximum  of  hardness. 

At  maximum  strength  and  in  the  overaged  region,  the  slip  bands  stay 

relatively  straight  but  become  less  intense  (lower  slip  step  heights  and  more 

(22)  (94) 

slip  line  broadening)  as  aging  progressed  .  The  work  of  Nicholson  et  al. 

has  shown  that  since  dislocations  cannot  shear  incoherent  precipitates,  the 

(108)  (98 

dislocations  must  bypass  them  either  by  cross  slip'  1  or  without  cross  slip'  ' 

.  The  deformation  of  microstructures  strengthened  with  incoherent  precipi¬ 
tates  would  start  again  by  having  one  source  operating.  The  dislocations  from 
this  source  would  encounter  severe  obstacles  in  the  slip  plane  in  the  form  of  in¬ 
coherent  precipitates  as  well  as  the  debris  left  behind  by  the  first  few  disloca¬ 
tions  and  therefore  would  have  to  change  their  slip  plane  to  accommodate  the 
strain.  Since  there  would  be  few  dislocations  expected  on  any  plane,  the  bar¬ 
rier  to  the  operation  of  other  sources  would  not  extend  very  far  from  the  original 
slip  plane  and  this  would  lead  to  what  Thomas  and  Nutting  observed  in  Al-Ag 
viz.  the  broadening  of  slip  bands  through  the  addition  of  slip  lamellae.  These 
bands  would  appear  relatively  straight  since  the  distance  of  cross  slip  would  be 
small  due  to  lack  of  many  dislocations  on  parallel  planes  and  the  step  height 
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would  also  be  small  because  there  were  few  dislocations  moving  on  any  given 

slip  plane. 

In  summary,  it  has  been  postulated  that  the  matrix  precipiate  controls  the 
details  of  the  deformation  process.  The  type  of  dislocation  behavior  exhibited 
by  a  microstructure  depends  on:  (1)  whether  or  not  the  precipitates  can  be 
sheared  and  (2)  the  strength  of  the  barrier  to  cross  (and  duplex)  slip.  Micro¬ 
structures  having  G.P.  zones  present  can  exhibit  various  degrees  of  hetero¬ 
geneous  deformation  depending  upon  the  barrier  to  cross  slip  while  microstruc¬ 
tures  strengthened  by  non-deformable  precipitates  show  a  more  homogeneous  de¬ 
formation  pattern. 

It  is  interesting  at  this  point  to  interpret  the  results  of  Table  IV  in  terms 
of  the  deformation  model  suggested  above.  The  data  in  Table  IV  correlate  the 
tangent  modulus  (work  hardening  rate)  with  both  the  microstructure  and  the 
stress -corrosion  susceptibility.  One  very  unexpected  result  emerged  from  this 
work,  viz.  that  the  specimens  hardened  by  G.P.  zones  had  a  higher  work  harden¬ 
ing  rate  than  did  the  overaged  material.  This  observation  can  be  explained  by 
comparing  the  deformation  characteristics  of  the  various  specimens.  In  struc- 

i 

ture  2  -  underaged  with  the  very  heterogeneous  deformation,  all  of  the  deforma- 
tion  was  accommodated  by  slip  in  a  few  bands .  In  structures  1  and  3  -  under- 
aged  the  slip  was  more  homogeneous  while  in  all  of  the  overaged  structures  the 
slip  was  very  homogeneous.  Consider  ihe  force  necessary  to  accommodate  an 
increment  of  strain  in  each  of  the  three  types  of  structures.  It  is  not  surprising 
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that  more  force  (and  therefore  a  higher  T)  would  be  necessary  to  accommodate  a 
certain  amount  of  strain  in  a  material  that  exhibits  coarse  slip  (the  absence  of 
cross  slip)  since  there  would  be  a  high  back  stress  to  be  overcome  on  the  slip 
planes.  This  back  stress  would  not  be  so  much  of  a  problem  in  the  other  struc¬ 
tures  since  cross  slip  could  occur.  Another  thing  to  remember  is  that  most 
work  hardening  rates  (and  theories)  evolve  from  work  performed  on  single  crys¬ 
tals  and  so  there  would  be  no  obstacle  to  the  elimination  of  dislocations  at  free 
surfaces  in  material  hardened  by  G.P.  zones.  In  other  words,  single  crystals 
simply  do  not  have  the  impenetrable  barriers  suc.i  ac  grain  boundaries  that  poly¬ 
crystals  have  and  one  might  correctly  expect  different  behavior. 

An  effect  similar  to  the  one  just  described  has  been  reported  by  Thomas 
,  He  reported  that  the  macroscopic  yield  stress  of  a-brasses  is  an  inverse 
function  of  the  stacking  fault  energy.  When  the  stacking  fault  energy  of  the 
brasses  was  altered  by  heat  treatment,  the  yield  stress  changed  correspondingly. 
This  has  been  interpreted  by  Stoloff  et  al.  in  a  manner  similar  to  the  ex¬ 
planation  given  above.  The  material  with  the  low  stacking  fault  energy  would 
have  the  highest  barrier  to  cross  slip.  This  would  force  dislocations  to  stay  on 
the  original  slip  plane  and  in  order  to  accommodate  deformation,  dislocations 
would  have  to  overcome  back  stresses  on  these  planes.  This  would  result  in 
higher  flow  stresses  in  materials  with  lower  stacking  fault  energies. 


5.5  Electrochemical  Conditions  at  Grain  Boundaries 


Having  gained  some  insight  into  the  way  the  matrix  precipitate  controls  the 
deformation  process,  the  mechanism  cf  stress -corrosion  cracking  can  now  be 
examined  in  terms  of  the  results  of  the  present  investigation.  However,  before 
a  model  can  be  postulated  involving  the  effect  of  deformation  on  susceptibility, 
the  grain  boundary  region  must  be  examined  since  this  was  the  only  metallurgical 
feature  that  was  not  controlled  through  heat  treatment.  Sprowls^11^  has  sug¬ 
gested  that  the  heat  treatments  used  in  the  present  investigation  might  possibly 
have  changed  the  solute  concentrations  in  the  grain  boundary  region  in  the  vari¬ 
ous  microstructures  and  this  could  partially  be  responsible  for  the  changes  in 
susceptibility.  Sprawls^1 13^  points  out  that  the  electrode  potential  of  an  Al-Zn- 
Mg  solid  solution  is  a  function  of  the  composition^113^  and  therefore  variations 
in  the  solute  concentration  at  the  grain  boundaries  might  be  expected  to  produce 
variations  in  corrosion  rates.  As  mentioned  earlier,  there  is  no  strong  correla¬ 
tion  between  the  size  and  spacing  of  grain  boundary  precipitate  and  suscepti¬ 
bility  (Tables  I  and  JI).  However,  there  is  one  observation  which  could  support 
Sprawls'  contention  and  that  is  when  specimens  having  similar  matrix  precipi¬ 
tates  but  different  grain  boundary  precipitates  were  compared,  the  specimens 
having  the  smaller  grain  boundary  precipitates  were  more  susceptible.  This  can 
perhaps  be  explained  by  noting  that  if  both  specimens  had  a  similar  initial 
solute  content  present  in  the  boundary,  the  solute  concentration  would  be  ex¬ 
pected  to  be  higher  in  the  boundary  which  had  the  smaller  grain  boundary 
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precipitates .  This  would  cause  the  potentials  of  both  the  precipitates  as  well 
as  the  remainder  of  the  boundary  to  be  highly  anodic.  In  the  case  where  the 
grain  boundary  precipitates  were  larger,  the  remainder  of  the  boundary  would  be 
less  anodic  because  of  a  lower  solute  concentration. 

There  are  observations  which  tend  to  minimize  the  importance  of  the 
suggestion  of  Sprowls^1*^  .  If  the  metallurgical  features  of  the  grain  boundary 
(viz.  size  and  spacing  of  the  precipitates  and  solute  content  on  boundary)  were 
to  control  susceptibility  through  their  relative  effects  on  electrochemical  rela¬ 
tionships,  then  one  would  expect  a  much  larger  difference  in  susceptibilities  be¬ 
tween  structures  1  and  3  -  underaged.  This  was,  however,  not  the  case 
CTable  II).  Also,  there  simply  is  no  correlation  between  susceptibility  and  the 
details  of  the  grain  boundary  precipitates  for  the  specimens  in  the  overaged 
condition  CTables  I  and  II) .  Finally,  there  was  a  large  variation  in  suscepti¬ 
bility  in  specimens  which  had  very  similar  grain  boundary  precipitates  but  dif¬ 
ferent  matrix  precipitates. 

One  might  be  tempted  to  explain  some  of  the  results  of  the  present  inves¬ 
tigation  by  assuming:  (1)  that  stress -corrosion  susceptibility  depends  upon  the 
rate  at  which  the  grain  boundary  precipitates  are  attacked,  (2)  that  the  corro¬ 
sion  of  these  precipitates  is  under  cathodic  control  and  (3)  that  the  cathode 
area  stays  relatively  constant. 

This  hypothesis  could  explain  why  the  underaged  specimens  (with  the 
smaller  grain  boundary  precipitates)  were  more  susceptible  than  the  overaged 
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specimens  (with  the  larger  grain  boundary  precipitates)  for  any  given  heat  treat¬ 
ment.  It  could  not  explain,  however,  why  specimens  of  treatments  1  and  3  - 
underaged  had  different  susceptibilities  and  also  why  specimens  of  treatments 
1  and  3  -  underaged  had  similar  susceptibilities. 

It  does  not  appear  that  susceptibility  can  be  explained  using  electrode 

potential  arguments.  For  example,  it  has  been  shown  that  although  both  MgZ^ 

and  anAl-4%  Zn  solid  solution  have  identical  electrode  potentials  ^ 1  ^ ,  the 

(77) 

MgZng  phase  is  preferentially  attacked  in  stress -corrosion  experiments 
It  seems  that  some  work  is  required  in  the  field  of  electrochemical  kinetics  in 
order  to  more  adequately  specify  the  role  of  electrochemistry  during  the  stress - 
corrosion  cracking  process.  In  some  recent  work,  3rown  et  al.^*^  have 
shown  that  the  pH  at  the  tip  of  a  stress -corrosior.  crack  is  very  low  (~  3.5  maxj 
regardless  of  either  the  initial  pH  of  the  bulk  environment  or  the  alloy  used. 
Other  work^115^  has  investigated  the  effect  of  plastic  strain  on  the  electrode 
potential  of  pure  A1  in  dilute  NaCl  solutions  under  a  variety  of  conditions.  Some 
of  the  results  of  this  work  are: 

(1)  At  a  pH  of  5.5,  the  application  of  a  plastic  strain  of  4.5%  results 
in  a  shift  of  electrode  potential  of  0.92V  (S .C .E.)  in  the  anodic  direction.  This 
potential  then  decays  to  a  value  representing  a  steady  state  displacement  of 
0.5V  (S.C.E.)  in  the  anodic  direction. 

(2)  This  steady  state  shift  of  potential  was  independent  of  the 
initial  pH  of  the  environment  within  the  range  of  2.5  to  8.5. 
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(3)  Dissolved  oxygen  assists  in  repairing  the  oxide  film  that  was 
ruptured  during  straining. 

It  would  appear  that  more  experiments  similar  to  the  two  described  above 
should  be  performed  since  it  seems  that  experiments  of  this  type  would  enable 
investigators  of  stress -corrosion  to  better  understand  the  complex  nature  of  the 
interaction  of  stress,  microstructure  and  environment  occurring  at  the  tip  of  a 
stress -corrosion  crack. 

5.6  Effect  of  Matrix  Precipitate  on  Stress -Corrosion 
Susceptibility  of  Al-Zn-Mg  Alloys 

As  mentioned  above,  there  is  a  strong  correlation  between  the  type,  size 

and  spacing  of  the  matrix  precipitate  and  the  degree  of  susceptibility  of  a  mi- 

crostruciure  to  stress -corrosion  cracking.  The  matrix  precipitate  has  also 

been  shown  to  control  the  details  of  the  dislocation  motion  during  plastic  de- 

(5  6  80) 

formation.  It  is  believed  here  and  elsewhere'  '  '  '  that  the  details  of  the 

deformation  process  control  the  susceptibility  of  a  microstructure.  In  principle, 
this  behavior  can  be  summarized  by  noting  that  the  more  heterogeneous  the  de¬ 
formation,  the  more  susceptible  the  microstructure  is  liable  to  be.  The  results 
of  the  present  investigation  strongly  support  this  contention.  Microstructures, 
each  containing  one  of  three  types  and  distributions  of  matrix  precipitates ,  ex¬ 
hibited  three  degrees  of  susceptibility  as  well  as  three  degrees  of  heterogeneous 
deformation.  The  microstructure  which  showed  the  fine,  coherent  precipitates 
deformed  in  a  very  heterogeneous  manner,  viz.  dislocations  arranged  in  sharp 
bands  and  straight,  intense  slip  lines  on  the  free  surface,  and  proved  to  be  very 
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susceptible  to  stress  corrosion.  As  the  matrix  precipitate  changed  in  size, 
spacing  and  degree  of  coherency,  the  deformation  became  more  homogeneous 
and  the  susceptibility  decreased. 

The  role  of  microstructure  in  controlling  stress-corrosion  susceptibility 
can  now  be  explained.  In  principle  this  relationship  occurs  because  of  the  way 
in  which  the  matrix  precipitate  controls  the  details  concerning  the  intersection 
of  slip  bands  and  grain  boundaries . 

In  the  absence  of  a  corrosive  environment,  it  has  been  shown  both 
theoretically  and  experimentally  that  slip  bands  can  cause 

the  formation  of  microcracks  at  grain  boundaries  when  slip  cannot  be  transferred 
across  the  boundary.  Johnston  and  Parker^  have  shown  that  in  MgO,  where 
cross  slip  is  difficult,  there  are  regions  of  severe  stress  concentrations  at  the 
intersections  of  grain  boundaries  and  sharp  slip  bands  (Figure  19).  Johnston 
and  Parker^ ^  have  also  shown  that  in  materials  where  cross  slip  is  easy,  viz. 
NaCl,  the  slip  bands  are  ill-defined  and  the  stress  concentrations  at  the  inter¬ 
sections  of  slip  bands  and  grain  boundaries  are  much  lower  (Figure  20).  These 
authors d conclude  that  this  effect  is  responsible  for  the  ductility  being 
higher  in  polycrystalline  NaCl  than  in  MgO.  Johnston  et  al.^^  have  shown 
that  the  mis  orientation  across  the  grain  boundary  is  important  with  respect  to 
the  nucleation  of  grain  boundary  cracks.  They^^  discovered  that  slip  bands 
could  penetrate  low  angle  boundaries  and  no  cracking  was  observed.  Grain 
boundary  cracks  were  nucleated  at  high  angle  boundaries  in  MgO  by  slip  bands 


Figure  19.  Stress  concentrations  at  slip  band-grain  boundary 
intersections  in  MgO  bicrystal.  Polarized  transmitted  light 
photomicrograph.  120X.*“^ 


Figure  20. 


Broad  slip  band  in  NaCl  deformed  at  room 


temperature^  3  3  OX . 


(119) 
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composed  of  edge  dislocations  (Figure  21). 

After  reviewing  the  fundamentals  of  fracture  in  many  metallic  systems , 
Low^1^  has  concluded  that  the  nucleation  of  grain  boundary  fracture  can  re¬ 
sult  from  localized  plastic  deformation.  A  necessary  condition  for  this  type  of 
crack  nucleation  is  that  microscopically  inhomogeneous  deformation  be  blocked 
by  grain  boundaries . 

It  would  appear  that  the  results  of  the  present  investigation  directly  sup¬ 
port  the  observations  of  Johnston  et  al.^*9'*^  ,  Figure  10  shows  that  the 
minimum  ductility  (near  maximum  yield  strength)  for  the  microstructure  of  heat 
treatment  2  was  zero  while  the  minimum  ductility  for  microstructures  of  heat 
treatment  1  and  3  was  3%.  This  difference  in  behavior  can  be  explained  in  a 
manner  similar  to  that  used  by  Johnston  and  Parker^1 19^  to  explain  the  difference 
in  ductility  of  polycrystalline  MgO  and  NaCl.  It  is  postulated  here  that  struc¬ 
ture  2  and  MgO  would  behave  in  a  similar  manner;  the  brittleness  of  these  ma¬ 
terials  arising  from  the  difficulty  of  cross  slip  and  the  resulting  high  stress 
concentrations  at  the  slip  band-grain  boundary  intersections.  Structures  1  and 
3  on  the  other  hand  would  behave  similarly  to  NaCl.  These  materials  show 
easy  cross  slip  and  resulting  low  stress  concentrations  at  slip  band  -  grain 
boundary  intersections.  This  situation  results  in  higher  ductility  for  these  ma¬ 
terials  showing  easy  cross  slip. 

In  the  presence  of  a  corrosive  environment,  crack  nucleation  has  also 
been  related  to  the  details  of  the  intersection  of  slip  bands  and  grain 
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boundaries .  Westwood  has  shown  that  when  silver  chloride  is  stressed  in 
in  an  embrittling  environment  of  6N  sodium  chloride,  cracks  are  formed  only 
where  slip  bands  are  arrested  at  a  grain  boundary  and  that  these  cracks  propa¬ 
gate  in  a  relatively  brittle  manner  (Figure  22) .  Cracks  were  not  observed  when 

(123) 

the  slip  bands  pass  through  the  boundary  (Figure  22).  Tromanj  and  Nutting  ' 
have  shown  that  cracks  are  formed  at  the  intersection  of  dislocation  pile-ups 
and  grain  boundaries.  Thin  foils  of  Cu-30  Zn  were  strained,  corroded  in  am- 
monuim  hydroxide,  cleaned  and  then  observed  in  the  electron  microscope.  Their 
results  indicate  that  in  many  cases  the  initiation  of  cracking  occurred  at  slip 
band  -  grain  boundary  intersections  regardless  of  whether  the  propagation  was 
intergranular  or  transgranular. 

It  is  now  possible  to  suggest  that  the  details  of  the  intersection  of  slip 

bands  and  grain  boundaries  control  the  susceptibility  of  a  microstructure  to 

stress -corrosion  cracking.  Consider  a  grain  boundary  that  will  not  allow  slip 

to  be  transferred  across  it.  The  susceptibility  of  this  boundary  will  depend  on 

the  nature  of  the  slip  bands  that  impinge  on  it.  The  details  of  the  slip  bands 

will  strongly  depend  on  the  type,  size  and  spacing  of  the  matrix  precipitate.  It 

^5  6) 

has  been  shown  here  and  elsewhere'  '  that  susceptible  microstructures  ex¬ 
hibit  coarse,  heterogeneous  slip  and  that  the  degree  of  susceptibility  depends 

on  the  degree  of  the  heterogeneity  of  the  slip. 

The  details  of  the  deformation  process  can  influence  susceptibility  in  two 

ways.  Slip  bands  which  impinge  on  the  grain  boundary  at  the  crack  tip  could 


Figure  22.  Polycrystailine  silver  chloride  deformed  in  a  6N  sodium  chlo 
ride  solution  presaturated  with  AgCl"^  complexes;  strain  increasing  pro¬ 
gressively  from  (a)  to  (e) ,  (a)  and  (b):  Note  that  cracks  are  Jnitiated 
only  where  slip  bands  are  arrested  at  the  grain  boundary  (A  through  K) . 
(c)  -  (e):  Illustrating  subsecment  "brittle"  growth  of  intercrystalline 
cracks.  Transmitted  light'1'22) . 
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result  in  accelerated  anodic  dissolution  at  that  point.  Hoar  and  Hines and 
Hines  have  postulated  a  model  explaining  yield  assisted  electrochemical 
dissolution.  This  model  suggests  th it  there  are  numerous  anodically  ac¬ 
tive  surface  sites  produced  at  the  root  of  a  yielding  corrosion  fissure.  Accord¬ 
ing  to  this  model  the  density  of  such  sites  would  be  higher  in  materials  exhibit¬ 
ing  coarse  slip.  Holl^  points  out  that  this  would  be  true  if  local  rupture  of  an 
oxide  film  is  involved  in  the  formation  of  an  anodic  s'te.  The  experiments  of 
Leidheiser  et  al.^*^  indicate  that  this  model  could  be  valid.  There  is  some 
experimental  evidence  that  the  slip  step  height  and  band  spacing  vary  with  mi¬ 
crostructure  in  a  way  that  is  compatible  with  both  the  model  of  Hines and 
stress -corrosion  susceptibility. 

Another  possible  way  in  which  the  characteristics  of  the  slip  bands  could 
influence  susceptibility  arises  if  the  bands  impinge  on  the  grain  boundary  ahead 
of  the  crack  tip.  These  bands,  if  of  the  coarse  type,  could  possibly  nucleate 
microcracks  along  the  grain  boundary  ahead  of  the  main  crack.  This,  of  course, 
would  be  behavior  similar  to  that  already  noted  for  MgO^*^.  Bands  of  the 
fine  type  could  possibly  hinder  crack  propagation  by  plastic  blunting.  If  the 
coarse  ban  Is  do  not  cause  microcrack  formation,  they  could  still  aid  crack  pro¬ 
pagation  by  not  only  stressing  the  grain  boundary  but  also  by  possibly  attract¬ 
ing  solute  atoms  and  thereby  making  the  region  of  the  grain  boundary  -  slip 

band  intersection  more  anodic.  There  is  evidence  that  solute  segregation  of 

.  ,  u  ,  _  .  ,  .  ,  (123,126,127) 

this  type  can  be  important  in  stress -corrosion  cracking 
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It  is  interesting  to  note  at  this  point  that  recent  work  by  Stoloff  et  al.V  1 
on  various  fee  metals  and  alloys  has  established  a  correlation  between  slip 
characteristics  and  intergranular  liquid  metal  embrittlement  that  is  very  similar 
to  the  correlation  between  slip  cnaracteristics  and  susceptibility  found  in  the 
present  investigation.  These  authors^ ^  have  found  that  an  increased  resis¬ 
tance  to  cross  slip  increased  the  embrittlement  of  the  materials  tested.  When 

(1 1 1' 

copper  based  solid  solutions  of  Al,  Si  and  Ge,  Zn  and  Ge  were  tested  "  ,  it 

was  found  that  there  was  a  linear  decrease  in  the  degree  of  embrittlement  with 

increasing  stacking  fault  energy.  These  authors conclude  that  although 

different  chemical  species  are  present,  all  of  the  alloys  were  embrittled  by  the 

same  fundamental  mechanism  and  that  specific  chemical  effects  between  the 

embrittling,  liquid  mercury  and  solute  atoms  at  the  grain  boundaries  must  be  of 

secondary  importance.  Stoloff  et  al.^Al^  explain  these  results  by  noting  that 

cross  slip  would  be  difficult  in  the  solid  solutions  having  low  stacking  fault 

energies  and  this  would  result  in  higher  stress  concentration  at  slip  band-grain 

boundary  intersections. 

5.6.1  Initiation  of  Stress -Corrosion  Crackb 

The  initiation  of  stress-corrosion  cracks  appears  to  occur  at  corrosion 

(67) 

crevices  located  in  the  grain  boundaries'  .  The  site  of  initiation  of  a  crack 
is  a  relatively  small  region  of  the  fracture  surface  that  shows  severe  pitting. 
The  formation  of  these  corrosion  crevices  seems  to  be  stress  assisted  since: 

(1)  loaded  specimens  show  a  greater  concentration  of  attack  in  the  grain 
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boundary  regions  prior  to  cracking  than  unloaded  specimens  exposed  to  the  en¬ 
vironment  for  equal  times  (Figure  12),  (2)  exposure  of  the  unloaded  specimens 
to  the  environment  for  times  equal  to  the  life  of  failed  specimens  causes  no  de¬ 
gradation  of  mechanical  properties  and  (3)  exposure  totho  environment  prior  to 

(4\ 

loading  causes  no  significant  decrease  in  the  time  to  failure  ' . 

It  is  possible  that  attack  starts  at  the  grain  boundary  precipitates  (MgZn£) 

which  are  considered  anodic  with  respect  to  the  surrounding  material'0  '  °  . 

The  cathodic  sites  could  be  the  solute  depleted  matrix  surrounding  the  precipi- 

(75) 

tate  or  surface  oxide  as  suggested  by  Jacobs  .  The  regions  of  solute  de- 

(33) 

pletion  are  normally  much  smaller  than  the  P.F.Z.  width  .  It  does  not  appear 
that  a  correlation  exists  between  the  length  of  the  initiation  period  (t^)  and  the 
size  and  spacing  of  gram  boundary  precipitates  (Tables  I  and  III).  The  experi¬ 
mental  observations  of  the  present  investigation  indicate  that  the  initiation 

period  is  likely  controlled  by  deformation  assisted  anodic  dissolution  of  the 

(i  25) 

grain  boundary  region,  perhaps  in  a  manner  postulated  by  Hines  *  .  This 

contention  is  fortified  by  both  the  observations  noted  above  (1-3)  and  Figure 

12.  Recent  work  on  the  commercial  707  5  alloy  has  shown  that  in  the  absence 

of  stress,  the  T6  age  (maximum  strength)  and  the  T73  age  (overaged)  exhibited 

the  same  depth  of  grain  boundary  corrosion  penetration  when  exposed  in  chlo- 
(77  128) 

ride  environments  '  .  When  these  two  microstructures  are  exposed  under 

stress,  the  T6  age  is  very  susceptible  while  the  T73  is  not  susceptible  to 
stress -corrosion.  It  is  likely  that  in  both  the  Al-Zn-Mg  and  the  7075  systems. 
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the  variations  in  stress -corrosion  susceptibilities  are  due  to  differences  in  mi¬ 
crostructure  and  the  concomitant  changes  in  the  deformation  processes. 

It  was  mentioned  above  that  the  model  proposed  by  Hines  might 
apply  to  the  initiation  stage  of  stress -corrosion.  There  is  one  direct  experi¬ 
mental  observation  which  supports  this  possibility.  In  the  present  investiga¬ 
tion,  slip  lines  on  the  free  surface  were  observed  to  suffer  a  limited  amount  of 
preferential  attack.  However,  the  electrochemical  conditions  at  the  base  of  a 
corrosion  crevice  are  likely  to  be  considerably  different  that  at  a  free  surface 
and  this  preferential  attack  of  slip  bands  may  be  more  intense  there^1*^  . 

Tables  II  and  HI  show  that  most  of  the  life  of  specimens  tested  under  con¬ 
stant-load  conditions  was  used  to  initiate  stress -corrosion  cracks.  It  follows 
then  that  the  details  of  the  initiation  stage  not  only  directly  determines  the 
length  of  tj  but  also  determines,  to  a  large  degree,  the  total  life  of  the  specimen 
under  the  experimental  conditions  of  the  present  investigation. 

There  are  two  obvious  ways  in  which  the  microstructure  can  control  the 
length  of  tj  and  both  are  related  to  the  details  of  the  deformation  process.  The 
first  is  the  effect  of  slip  step  weight  (at  the  crack  tip)  on  the  rate  of  anodic 
dissolution  and  there  is  some  evidence  indicating  that  the  more  coarse  the  slip, 
the  higher  the  corrosion  rate^^.  On  the  basis  of  this  model,  one  might  ex¬ 
pect  material  with  coarse  slip  to  have  a  higher  rate  of  crack  initiation.  There 
is  another  way  in  which  the  deformation  process  might  influence  t^.  It  is  very 
possible  that  the  duration  of  the  initiation  stage  depends  on  the  onset 
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of  the  propagation  stage.  It  has  been  shown  that  stress -corrosion  cracks 
will  probably  not  propagate  when  loaded  to  less  than  some  critical  K  value 
(usually  taken  as  •  Under  constant-load  conditions,  this  is  the  equiva¬ 

lent  of  saying  that  until  the  corrosion  crevice  has  reached  some  critical  value, 
propagation  will  not  occur.  Since  the  critical  crack  length  in  7075-T73  is 
longer  than  in  707 5 -TG^1^  ,  one  might  expect  that  this  critical  crack  length  is 
a  function  of  the  microstructure.  If  this  were  true,  one  might  also  expect  that 
materials  exhibiting  coarse  slip  characteristics  to  have  not  only  a  higher  rate  of 
grain  boundary  penetration  but  also  a  snorter  distance  to  be  penetrated  before 
entering  the  propagation  stage. 

5.6.2  Propagation  of  Stress -Corrosion  Cracks 

Under  the  conditions  of  the  constant -deflection  test,  crack  propagation 
occurred  at  a  much  greater  average  rate  than  crack  initiation.  The  cracking  rate 
was  non-uniform  and  this  could  be  attributed  to  orientation  effects.  The  most 
obvious  effect  on  propagation  rate  was  the  orientation  of  the  grain  boundary. 
When  the  boundary  was  oriented  normal  to  the  tensile  axis ,  cracking  was 

generally  rapid.  Slower  cracking  occurred  when  the  boundary  was  not  normal  to 

(67) 

the  tensile  axis.  This  effect  has  been  observed  before1  .  The  slower  crack¬ 
ing  associated  with  unfavorably  oriented  boundaries  could  be  caused  by  either 
tue  need  for  other  initiation  stages  or,  more  simply,  to  the  lowering  of  the  re¬ 
solved  normal  stress  on  those  boundaries.  Another  possible  explanation  of  the 


variation  in  crack  growth  rates  involves  the  orientations  of  the  grains  relative 
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to  the  boundary.  Kovacs^^  has  shown  that  crack  velocity  in  Al-Zn  bicrystals, 

tested  in  a  NaCl  solution,  depends  on  these  orientations.  The  striking  similar- 

(130) 

ity  should  be  noted  between  the  observations  of  Kovacsu  '  and  those  of 

(120)  (122) 

Johnston  et  al.  in  MgO  and  Westwood  in  silver  chloride.  In  all  three 
cases,  when  slip  could  be  transferred  across  a  grain  boundary,  the  material 
would  have  a  low  propensity  toward  cracking,  but  when  slip  could  not  be  trans¬ 
ferred  across  the  boundary,  the  r  was  a  high  propensity  toward  cracking.  This 
orientation  effect,  while  explaining  differences  in  cracking  rates,  implies  that 
a  model  invoking  slip  band-grain  boundary  intersections  might  be  valid. 

The  slip  bands  on  the  free  surface  of  partially  cracked  specimens 
(Figures  15  and  16)  indicate  that  a  considerable  amount  of  plastic  deformation 
accompanies  a  propagating  crack.  This  together  with  the  appearance  of  the 
fracture  surface  (Figure  18a)  indicates  that  crack  propagation  is  predominately 
mechanical  in  nature.  Other  recent  work  supports  this  possibility^ ^ . 

It  is  possible  that  the  role  of  deformation  in  crack  propagation  can  vary 
depending  on  the  specific  nature  of  the  deformation.  In  materials  exhibiting 
coarse  slip  bands  ,  the  deformation  accompanying  a  propagating  crack  mai 
actually  help  the  cracking  process  by:  (1)  causing  deformation-accelerated 
anodic  dissolution  at  the  crack  tip,  (2)  causing  brittle  fracture  at  the  boundary 
ahead  of  the  crack  tip  due  to  stress  concentration  effects  and  (3)  increasing  the 
anodic  potential  of  the  slip  band-grain  boundary  intersections  by  causing  solute 
atoms  to  segregate  to  these  regions.  J.n  materials  exhibiting  fine  slip  bands, 
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the  deformation  might  either  impede  cracking  due  to  plastic  blunting  or,  perhaps, 
aid  cracking  as  in  the  case  of  material  exhibiting  coarse  slip,  except  to  a  much 
lesser  extent. 

*  Summary  and  Conclusions 

The  effect  of  microstructure  on  the  stress -corrosion  susceptibility  of  an 
Al-Zn-Mg  alloy  in  a  NaCl  solution  has  been  investigated.  The  results  of  this 
investigation  clearly  indicate  that  the  matrix  precipitate  controls  susceptibility. 
In  particular,  the  type,  size  and  spacing  of  the  matrix  precipitate  correlates 
very  strongly  with  susceptibility.  The  width  of  the  P.F.Z.  does  not  appear  to 
have  any  effect  on  susceptibility.  The  situation  regarding  the  grain  boundary 
precipitates  is  less  clear  although  it  does  appear  that  in  certain  cases  suscep¬ 
tibility  can  be  influenced  by  the  size  and  spacing  of  these  precipitates. 

The  degree  of  susceptibility  of  a  microstructure  depends  on  the  details  of 
the  deformation  process  which  occurs  in  the  microstructure.  In  general,  the 
more  heterogeneous  the  deformation,  ie  more  susceptible  a  microstructure  is 
liable  to  be.  The  degree  of  heterogereity  of  the  deformation  process  appears 
to  depend  on  whether  or  not  the  matrix  precipitates  can  be  deformed  and  whether 
or  not  cross  or  duplex  slip  can  oc^ur.  The  highest  degree  of  susceptibility  ob¬ 
tains  when  the  precipitates  can  be  sheared  (G.P.  zones)  and  cross  slip  is  in¬ 
hibited. 

The  details  of  the  deformation  process  can  affect  susceptibility  in  many 


ways.  Two  important  possibilities  are  defcrmation-assisted  anodic  dissolution 
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at  the  crack  tip  and  the  formation  of  microcracks  along  the  grain  boundary  ahead 
of  the  crack  tip. 

The  phenomenon  of  stress-corrosion  has  two  stages:  initiation  and  propa¬ 
gation  with  the  initiation  stage  being  rate  controlling  under  the  experimental 
conditions  of  this  work.  Both  stages  appear  to  proceed  under  the  joint  action  of 
stress  and  corrosion  with  corrosion  being  dominant  during  initiation  and  stress 
during  propagation. 

Finally,  it  appears  likely  that  the  proposed  model  for  susceptibility  which 
entails  the  details  of  the  defonnation  process  as  controlled  by  the  matrix  pre¬ 
cipitate  can  adequately  explain  many  experimental  observations  such  as  the 
effects  of  composition,  trace  elements,  stress  level  and  grain  size  on  suscep¬ 


tibility. 
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